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ABSTRACT 
This study developed an intermittent oxidation-reduction potential (ORP)-controlled 
micro-aeration system for anaerobic digestion (AD) to avoid volatile fatty acids (VFA) 
accumulation at high organic loading rate (OLR). Without micro-aeration, AD of Napier 
grass, a typical energy crop, at an OLR of 5.0 g volatile solids (VS)/L/day resulted in a 
total VFA concentration up to 11.0 g/L as acetic acid, causing rapid drops in pH and 
methane yield regardless of pH adjustments, and driving the digester to the verge of 
failure. Once intermittent (every 24 h) ORP-controlled micro-aeration was introduced in 
3 replicated studies, the average total VFA concentration decreased by 56% and the 
methane yield enhanced by 252%, resulting in stable performance without the need for 
chemical addition or OLR reduction. By combining reactor performance results, mass 
balance analyses, microbial community characterization data, and bioenergetics 
evaluations, this study suggested that an alternative pathway of VFA conversion could be 
accomplished through a synergistic linkage between anaerobic and aerobic conditions, 
bypassing syntrophic reactions typically found in anaerobic digesters. Meanwhile, 
intermittent ORP set at +25 mV from anaerobic baseline level preserved niches of 
anaerobic methanogens for effective methanogenesis. This novel operating approach can 
be applied as an effective process control strategy for the digestion of lignocellulosic 
biomass at high OLRs and offers significant economical and logistical merits.  
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Chapter 1 
 
Introduction 
 
1.1 Background 
Anaerobic digestion (AD), a process originally used for treating municipal and industrial 
wastewaters, was successfully adopted for bioenergy production using diverse feedstocks 
such as sewage sludge, municipal solid waste, food wastes, agricultural residues, animal 
manures and energy crops. The major advantages of AD process include low energy 
consumption, sequestration of greenhouse gases, and above all, its ability to remediate 
diverse organic wastes with concomitant production of renewable energy, biogas (Khanal 
and Li, 2016). The applications of biogas from AD plants for heat and electricity 
generation or upgrading into natural gas for injection into natural gas grid, have been 
widely practiced, especially in European countries, where there are over 17,376 
commercial biogas plants currently in generating 8,293 MW of electricity equivalent 
(EBA, 2018). In the United States, there are currently 266 farm-based and 1,270 
municipal sludge treatment-based anaerobic digesters in operation (EPA, 2018; WEF, 
2018). However, 63 farm-based AD plants among total of 266 plants were shut down, 
and many other AD plants are on the verge of closing down mostly due to economic issue  
caused by the process instability and low biogas production (EPA, 2018).  
Slow digestibility, especially when fed with recalcitrant lignocellulosic biomass, is one of 
the main reasons for low biogas production (Sawatdeenarunat et al., 2015). To overcome 
this limitation, digesters are commonly operated at high organic loading rates (OLRs) 
using substrates with a high total solids (TS) content. However, at high OLRs with high 
TS content, digesters are susceptible to failure due to accumulation of volatile fatty acids 
(VFA) (mainly acetic, propionic and butyric acids) caused by kinetic and energetic 
imbalance between fermentative acidogens, syntrophic acetogens and methanogens 
(Leng et al., 2017; Pind et al., 2003; Treu et al., 2016).  
Automatic AD process control system enables quick process stabilization by closely 
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monitoring and controlling the process. First, the process parameters/indicators that are 
sensitive to process disturbances, such as pH, biogas production rate, VFA concentration, 
or total VFA to total alkalinity (VFA/ALK) ratio are closely monitored. The monitoring 
data is then sent to control system to regulate these parameters within the desired ranges 
either by adding chemicals to control the pH or regulating feeding rate using diverse 
process control systems (Nguyen et al., 2015). Stopping or reducing the substrate feeding 
rate allows microbes in the AD process to consume the accumulated metabolites and 
undigested substrates in the reactor and slowly overcome organic overloading condition. 
However, cessation of substrate feeding leads to piling-up of feedstock that needs to be 
digested and also reduces profits associated with biogas applications. Therefore, there is a 
critical need to find an alternative controlled strategy that allows reactor to stably operate 
at a higher OLR without the need of adding chemical or compromising the substrate 
feeding rate.  
To this end, we developed a unique approach of improving the digester stability through 
intermittent injection of small amount of oxygen (micro-aeration), by controlling the 
oxidation-reduction potential (ORP) of the AD process. Recent studies have also shown 
that micro-aeration in anaerobic processes enhances hydrogen sulfide removal from 
biogas (Díaz et al., 2011b; Khanal and Huang, 2006; Krayzelova et al., 2015), facilitates 
hydrolysis (Lim and Wang, 2013; Xu et al., 2014a), enhances VFA production 
(Jagadabhi et al., 2010a; Sawatdeenarunat et al., 2017), and improves methane production 
(Nguyen et al., 2007, Lim and Wang, 2013). The beneficial effects of micro-aeration in 
AD processes is due to the augmentation in diversity and activity of facultative bacteria 
that promote hydrolysis, fermentation, and sulfide oxidation (Krayzelova et al., 2015; 
Lim et al., 2014; Zhu et al., 2009). Based on this reasoning, we hypothesize that VFA 
accumulated in the digesters during overloading conditions are rapidly consumed by 
facultative heterotrophs under micro-aerobic conditions thus contributing to AD process 
stability.  
Few studies focused on an effective micro-aeration dosing system that can be applied to a 
mix-culture AD process or effect of micro-aeration on reducing VFA accumulation in the 
digester. To use micro-aeration as an effective operational strategy in AD process, precise 
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dosing control is needed to prevent oxygen overdose and inhibition of obligate anaerobes. 
ORP or redox potential, which exhibits a logarithmic relationship with dissolved oxygen 
(DO) concentration (See Appendix A), can be used for precise oxygen/air dosing control. 
This approach was previously applied in biological hydrogen sulfide removal (Khanal 
and Huang, 2003), biological nitrogen removal (Won and Ra, 2011), and pure culture 
fermentation processes to augment the product yields (Liu et al., 2013). However, 
insights into the effects of ORP-controlled micro-aeration on aerobic-anaerobic metabolic 
pathways and synergistic interactions between bacterial-archaeal populations in AD 
process are lacking.   
1.2 Objectives of study  
The overall goal of this study was to develop and validate the performance of an ORP-
based micro-aeration system to control VFA accumulation and process stability without 
the inhibition of methanogenesis during AD of lignocellulosic feedstock at high OLR. 
The ORP-based micro-aeration was also examined for AD process stability control. By 
combining reactor performance and microbial community analyses with bioenergetics 
and mass balance calculations, we provided new insights into the dynamics of ORP-
controlled micro-aeration in AD process and presented an effective strategy for 
maintaining the stability of a highly-loaded AD process.  
The specific objectives are to:  
1. Identify key monitoring parameters to evaluate the reactor performance at incremental 
organic loading rates.  
2. Develop and validate the performance of an ORP-based micro-aeration process control 
system for maintaining stability of anaerobic digestion at high loading rate.  
3. Evaluate the effect of micro-aeration on microbial community in anaerobic digestion 
processes. 
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1.3 Scope of the study 
The study was performed in a semi-continuous lab-scale (2.0 L working volume) 
anaerobic bioreactor operated at mesophilic temperature (35oC) and fed with Napier grass 
at OLR of 1.5, 3.0, and 5.0 g VS/L/day. The performance of the micro-aeration process 
control system was evaluated based on its ability to reduce VFA concentration and 
recover methane yield in triplicated experiments. Putative mechanism of the ORP-based 
micro-aeration system was proposed based on microbial community analyses with 
bioenergetics and mass balance calculations.     
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Chapter 2 
Literature Review 
2.1 Anaerobic digestion  
2.1.1 Anaerobic digestion process 
Anaerobic digestion (AD) processes have successfully been employed to remediate waste 
ranging from high strength industrial wastewaters, sewage sludge, municipal solids 
wastes, agricultural wastes/residues to animal manures while generating renewable 
energy. The major advantages of AD process, especially in waste (water) remediation  
include low energy consumption, less sludge yield, and above all, capability of stabilizing 
diverse organic wastes with concomitant production of renewable energy, biogas 
(Metcalf and Eddy, 2004; Khanal, 2008). In recent years, AD technology has been 
applied for generation of renewable energy and plethora of bio-based products (e.g., 
organic acids, biopolymer, bio-oil, biochar, etc.) by adopting AD biorefinery concept 
(Sawatdeenarunat et al., 2016; Surendra et al., 2015). The use of lignocellulosic biomass 
(e.g., agricultural residues and energy crops) as feedstock for AD biorefinery was 
recently examined due to the high yield with low inputs requirements (Sawatdeenarunat 
et al., 2015; 2017). 
The fundamentals of AD process has been well documented in many books and reviews 
(Khanal, 2008; Vanwonterghem et al., 2014; Zitomer et al., 2016). AD is a complex, 
interrelated biological process involving diverse microbial communities supporting a 
series of interdependent biochemical reactions. As illustrated in Figure 2.1, the process 
starts with the hydrolysis of complex polymers into simple soluble products, followed by 
fermentation of simple soluble products into short-chain fatty acids (i.e., volatile fatty 
acids (VFA) with 2 to 7 carbons), CO2, H2, ethanol, lactic acids etc., and the process is 
known as acidogenesis. The anaerobic oxidation breaks down these VFA into acetic acid, 
CO2, and H2 via a process known as acetogenesis, and finally acetate, and CO2 + H2 is 
converted into methane via acetoclastic and hydrogenotrophic methanogenesis, 
respectively.  
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Figure 2.1 General pathway of anaerobic digestion processes 
Note: Number represent functional microbial groups: [1] hydrolysis and fermentative 
bacteria; [2] syntrophic acetogens; [3] syntrophic acetate-oxidizing bacteria; [4] 
homoacetogens; [5] acetotrophic or aceticlastic methanogens; [6] hydrogenotrophic 
methanogens.  
2.1.2 Limitations of anaerobic digestion process 
Limitations of the AD process are rooted to intrinsic difficulty in maintaining a balance 
among the activities of hydrolytic, acidogenic, acetogenic, and methanogenic 
microorganisms. In a process where the product from one microbial group is the substrate 
for the next group, the kinetic and energetic balance between these biochemical reactions 
have to be in equilibrium. If such balance is not maintained, accumulations of 
intermediates is inevitable. For example, the VFA accumulation is commonly observed in 
AD processes due to its high production rate from fermentative bacteria as compared to 
low consumption rate of syntrophic acetogens. With hydrogen partial pressure (pH2) as a 
limiting factor, syntrophic acetogens face thermodynamic constraint to convert VFA to 
Complex organic matters
(Carbohydrates, proteins, fats)
Soluble monomers/oligomers
(Sugars, amino acids, long chain fatty acids)
Intermediates
(Short chain fatty acids, alcohols)
Acetate H2, CO2
CH4, CO2
[1] Hydrolysis
Fermentation[1]
Fermentation [1] [1] Anaerobic oxidation
[2] Syntrophic acetogenesis
[3] Syntrophic acetate oxidation
Homoacetogenesis [4]
[5] [6]
Acetotrophic methanogenesis Hydrogenotrophic methanogenesis
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acetate, CO2, and H2 for the utilization by methanogens. This syntrophic relationship is 
extremely sensitive since pH2 has to be low enough (<10-4 atm) for the anaerobic 
degradation of VFA to be thermodynamically favorable, but high enough for the 
consumption by H2-utilizing methanogens (Dolfing, 2014; Labib et al., 1993). Failure to 
maintain syntrophy within the microbiome may lead to irreversible AD process failure 
due to VFA build-up, which requires restart of the digester thereby causing significant 
economic loss (Dong et al., 2011; Steyer et al., 2006). As a result, many industries/clients 
are hesitant to implement AD technology despite its inherent advantages.  
2.1.3 Anaerobic digestion of lignocellulosic biomass 
AD has been widely adopted for digestion of lignocellulosic feedstocks to produce 
bioenergy, bio-based products, and concentrating nutrients in the digestate among others 
(Khanal and Li, 2016). Lignocellulosic feedstocks are the most abundant renewable 
resource on Earth, with an availability of approximately 200 billion dry metric tons per 
year (Ragauskas, 2006), distinguished from other feedstocks by their year-round 
availability with uniform composition, and relatively high yield, especially energy crops 
such as Napier grass (Sawatdeenarunat et al., 2015).  
The AD of lignocellulosic biomass is illustrated in Figure 2.2. Lignocellulosic feedstocks 
are composed primarily of three polymers (hemicellulose, cellulose, and lignin) making it 
highly recalcitrant to biological degradation and causing low methane yield of AD 
reactors fed with this type of feedstocks (Sawatdeenarunat et al., 2015; Takara and 
Khanal, 2015). To overcome this limitation, digesters fed with lignocellulosic feedstock 
are normally operated at high OLRs with high total solid (TS) content for optimum 
resource utilization and biogas production. However, at high OLRs, digesters are 
susceptible to failure due to accumulations of VFA (mainly acetate and propionate) 
caused by kinetic imbalance between syntrophs and methanogens (Boe and Angelidaki, 
2012; Ward et al., 2008). 
Existing process control systems normally require stop feeding and/or addition of high 
amount of buffering chemical, without effectively resolve the origin of the instability 
from VFA accumulation, which is kinetic and energetic imbalance among microbial 
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consortia. Hence, there is a critical need to develop an effective strategy to promote the 
syntrophic growth of diverse microorganisms to maintain stability and rapid recovery of 
AD processes from potential failure due to VFA accumulation without supplementing 
chemical and compromising optimum OLRs. 
 
Figure 2.2 Pathway of the anaerobic digestion process of lignocellulosic biomass  
Note: Adapted from Li and Khanal (2016) and Madigan et al. (2015). 
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2.2 Automatic monitoring and control of AD processes 
Recent advancements in monitoring techniques and process control algorithms enables 
early identification of disturbances and rapid process stabilization, respectively. First, the 
process parameters that are sensitive to process disturbances, such as pH, biogas/methane 
production rate, ammonia, VFA composition, and total VFA to alkalinity (VFA/ALK) 
ratio are closely monitored. Next, the monitoring data is sent to control system to regulate 
these parameters around desired ranges. Diverse process control systems have been 
studied and tested in AD systems. The control strategy could be as simple as a feedback 
on/off control, or as complicated as adaptive, fuzzy logic, neural network control, or their 
combinations (Peter F Pind et al., 2003; Batstone et al., 2004; Drosg, 2013). As illustrated 
in Figure 2.3, advanced control systems were normally equipped with basic monitoring 
techniques; on the other hand, simple control strategies could be compensated by 
advanced monitoring equipment (Nguyen et al., 2015).    
 
Figure 2.3 Typical automatic monitoring and control strategies in AD processes  
2.2.1 Monitoring of AD processes 
Process monitoring is the initial step and crucial component of any AD automatic control 
systems. Advances in instrumentation enable the on-line (real-time) monitoring of critical 
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parameters in the AD system for early detection of process disturbances. Such 
instruments should also be able to send early warning signal to operators or control 
algorithm in case of manual and automatic control, respectively, and ultimately promote 
the stable operation of AD process. Besides the fundamental operating parameters (e.g., 
substrate composition, biogas production and composition, pH, and temperature) of the 
AD process, the parameters indicating process disturbances (e.g. individual VFA, 
VFA/ALK ratio, ammonia and hydrogen) are of greater interest (Björnsson et al., 2000; 
Drosg, 2013). The process disturbances associated with an increasing organic loading 
rate are due to accumulation of intermediates, such as VFA, H2, or ammonia during 
digestion (Batstone et al., 2004).  Thus, it is critical to control these key parameters 
within their optimum ranges as presented in Table 2.1.  
Table 2.1 Optimum operational range of the typical AD process 
Parameters Mixed-culture Hydrolysis/ 
Acidogenesis 
Methanogenesis 
pH 6.8-7.4 5.2-6.3 6.7-7.5 
Temperature (oC) Mesophilic: 35 
Thermophilic: 55 
Mesophilic: 25-35 
Thermophilic: 50-58 
Mesophilic: 32-42 
Thermophilic: 50-58 
Solids retention time 
(days) 
High-rate: 15-30 
Low-rate: 30-60 
  
Total VFA (mg/L as 
acetic acid) 
50-250   
Total alkalinity (mg/L 
as CaCO3) 
1,500-3,000   
Total VFA to total 
alkalinity 
(VFA/ALK) ratio 
0.1-0.2   
Acetic acid (mg/L) <1000   
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Propionic acid (mg/L) <250   
ORP (mV-Eh) -200 to -350 +400 to -300 <-250 
Carbon to nitrogen 
(C/N) ratio 
20-30 10-45 20-30 
Carbon to nitrogen to 
phosphorus (C:N:P) 
ratio 
350:7:1 100:5:1 120:5:1 
Total ammonia 
nitrogen (mg N/L) 
50-1,000 ≤ 1,500  
H2 (ppm) <100   
Sources: Khanal (2008), Deublein and Steinhauser (2011) 
2.2.2 Automatic control of AD processes 
Different from process control experiments carried out in laboratory or pilot-scale 
anaerobic reactor, industrial scale AD plants just control simple parameters, which 
include pH, temperature, mixed liquor level, gas pressure, mixed liquor and biogas flow 
rate (Vanrolleghem and Lee, 2003; Spanjers and Lier, 2006; Wiese and Haeck, 2006). 
Only 10% among 400 industrial scale anaerobic reactors worldwide are equipped with 
on-line analysis of COD, TOC, VFA, alkalinity, and biogas composition (Spanjers and 
Lier, 2006). This situation could be explained from the complexity in operation and 
maintenance of these advanced analyzers. Additionally, high capital and operation costs 
of these state-of-the art devices make it economically unattractive for biogas operators to 
embrace the technology.  
The survey on manure-based biogas plants in Europe also revealed poor management of 
data monitoring and process control (Wiese and Haeck, 2006). In fact, continuous on-line 
monitoring was not performed in many plants. For plants with on-line monitoring 
systems, real-time control was rare and even the periodical data analysis was skipped. For 
the plants with real-time controllers, the control system was simple, time-based, equipped 
with on-off controller. The main reason for this poor state of automation is that the 
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numbers of these biogas plants are small-scale plants with electricity production capacity 
under 125 kW.  Similar scenarios were reported in the United States, where most of the 
farm-based AD plants were shut down due to high maintenance cost and low biogas 
production (Beddoes et al., 2007). As a result, these small-scale AD plants cannot afford 
the expenses to acquire the instruments and automate the plant operation. This situation 
prompts that the centralized biogas plants may be a better solution to automate the AD 
process in a given geographical location.  The investment cost for adequately 
instrumented and automated biogas plant with electricity generation capacity larger than 
300 kW has been estimated to be just 5-10% of total capital cost (Wiese and Haeck, 
2006). This investment can be profitable in long term operations, since a 10% drop in 
efficiency of a biogas plant can result in 11% decrease in the annual revenue (Wiese and 
Haeck, 2006). Even though the operational cost was not included in the report, this seems 
to be a worthy investment for large-scale industrial AD plants in long term.  
Another problem of current AD process control system resides in ineffective manipulated 
input, which is typically feeding rate and/or pH adjustment (Figure 2.3). It means that 
when pH, VFA/ALK ratio, or methane production are out of optimum ranges, the process 
control system is activated to either stop feeding or start injecting chemicals to control pH 
of the digesters, or their combination. Adjusting pH only increases the buffering capacity 
to neutralize the digesters without solving the root of disturbance, which is VFA 
accumulation from kinetic and energetic imbalance. Stop feeding, in the other hand, leads 
to reduction in biogas production and accumulation of feedstocks. Besides, the cessation 
of feeding to AD digesters is not possible in some cases, for instance the sewage sludge 
digestion in wastewater treatment plants, since it affects the continuality of the whole 
process. As a result, alternative control input to control stability of digesters without 
requiring chemical addition or compensating optimum organic loading rate are much 
needed for effective process control of AD processes. 
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2.3 Micro-aeration in AD processes 
2.3.1 Micro-aerobic environment 
Micro-aeration is the dosing of small amount of air or oxygen into an anaerobic system. 
Different homologous terminologies are being used, namely micro-aeration, limited 
aeration, micro-oxygenation, oxygenation, and microaerobic condition among others 
(Krayzelova et al., 2015). Air or oxygen could be dosed either one time, intermittently 
(pulse-mode) or continuously at different stages of the AD process (pretreatment, during 
digestion or post digestion). As a result, the terminology “micro-aeration” has been 
vaguely defined due to lack of standard method to precisely monitor oxygen level in the 
AD system. In aerobic processes such as aerobic fermentation or activated sludge 
process, DO – residual oxygen concentration in aqueous phase – is used as a parameter to 
quantify aerobic condition. However, with the detection limit of 0.1 mg/L (3µM), DO 
probe lacks sensitivity needed to precisely quantify microaerobic environment in an AD 
system. Advanced nanomolar oxygen sensing technique has been developed in recent 
years to measure low oxygen concentration in biofilm or deep-sea sediment; but its 
industrial applications remain limited due to high cost and lack of robustness (Morris and 
Schmidt, 2013). The most practical and sound approach to standardize the microaerobic 
condition among the reported studies, is to use redox potential or oxidation-reduction 
potential (ORP). Since ORP varies linearly with the logarithmic of oxygen concentration, 
the ORP electrode can precisely sense very small changes in oxygen concentration in the 
aqueous phase (Khanal and Huang, 2006). For example, according to the correlation of 
ORP (EAg – ORP with reference to Ag/AgCl electrode) and DO in Figure A.3, DO of 0.1 
mg/L is equivalent with ORP of -96 mV; anaerobic condition with ORP of -495 mV has 
an equivalent DO of 1.15 x 10-8 mg/L; and a 25 mV increase in ORP is equivalent to a 
DO increase of 0.02 x 10-6 mg/L or 1.25 x10-6 µM O2.. Details about definition, 
measurement, and factors affecting ORP are presented in Appendix A.  
Although ORP value is slightly affected by temperature (Figure A.1) and pH (Figure 
A.2), it can be used as parameter indicating oxic or anoxic environment. A microaerobic 
condition may be defined as an aqueous media with ORP (Eh – ORP with reference to 
standard hydrogen electrode (SHE)) value in the range of 0 to -300 mV. Anaerobic 
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systems have an average ORP level of -300 mV or lower (Khanal and Huang, 2006; 
Krayzelova et al., 2015). The ORP values of greater than 0 mV represent oxidizing 
environment of the aerobic condition (Figure 2.4).  
Facultative microorganisms grow under anoxic or oxic condition with some strains can 
produce energy from aerobic respiration at a nanomolar O2 concentration by having high 
affinity oxidase enzymes (Morris and Schmidt, 2013). Although aerotolerant anaerobes 
and obligate anaerobes are not considered facultatives, they co-exist and co-metabolite 
with facultatives under microaerobic condition with various antioxidative mechanisms, 
which are discussed in the later section. As depicted in Figure 2.4, facultatives grow 
optimally and produce fermentation products like ethanol, butanol and VFA within the 
ORP range of 0 to -300 mV. In addition, the common redox couples of reactions in AD 
processes such as SO42-/HS- (sulfidogenesis) or CO2/CH4 (methanogenesis) also have 
standard redox potential (Eo’) in this microaerobic range of -200 to -300 mV. The dosing 
of air or oxygen to an anaerobic process elevates the ORP to a more positive value, which 
then slowly decreases with the consumption of injected O2 by facultative bacteria. Several 
studies employed ORP as the controlling parameter for micro-aeration to enhance VFA 
production (ORP of -100 to -200 mV) (Yin et al., 2016), sulfide removal (ORP of -275 to 
-265 mV) (Khanal et al., 2003), and to optimize fermentation process for ethanol, 
butanol, and propanediol production (ORP of -50 to -350 mV) (Liu et al., 2013). By 
manipulating the extracellular ORP of the environment, intracellular metabolic pathway 
of microbes (anaerobic oxidation, fermentation, or aerobic oxidation) can be modified at 
the molecular levels via electron flow, reducing power (i.e. NADH concentration), and 
gene expression (Liu et al., 2013). As a result, ORP could be used as an effective 
parameter for monitoring and controlling the micro-aeration in AD system. 
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Figure 2.4 Standard redox potential of redox couples and optimum ORP of various 
microorganisms  
Note: Position of data are not to scale with axis. Values in black text from Madigan et al., 
(2015) and blue text from Liu et al. (2013). 
2.3.2 Mechanisms of oxygen tolerance in micro-aerobic environment  
In micro-aerobic environment, facultatives (hydrolytic and fermentative bacteria) 
consume and partially reduced the oxygen molecule, generating reactive oxygen species 
(ROS) (i.e., O2-, H2O2, and •OH) (Figure 2.5). These active radicals and ions are highly 
oxidative and can damage lipid membrane, protein and DNA of microorganisms (Ezraty 
et al., 2017). Aerobic and facultative bacteria can produce anti-oxidative enzymes and 
neutralize these oxidative species, allowing them to thrive in aerobic conditions (Fu et al., 
2015; Imlay, 2013). As shown in Figure 2.5, common anti-oxidative enzymes are 
superoxide dismutase (SOD); catalase; superoxide reductase (SOR) or rubredoxin 
oxidoreductase; and alkyl hydroperoxide reductase (Ahp).  
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Under an aerobic condition, several strict anaerobes could produce anti-oxidative 
enzymes to certain extent to adapt to the oxidative environment (Brioukhanov et al., 
2006). For example, under an oxidative stress, anaerobes Clostridium perfringens, 
Clostridium acetobutylicum, Bacteroides fragilis, Desulfovibrio gigas, Methanosarcina 
barkeri, Methanobacterium and Methanobrevibacter showed an overexpression of genes 
encoding SOD, catalase, and superoxide reductate enzymes (Brioukhanov et al., 2006; 
Horne and Lessner, 2013). Recent study also shown methanogens can also survived in 
aerobic fresh water and soil with O2 concentration up to 10%, indicating an effective 
oxygen tolerance of strict anaerobes (Angle et al., 2017). Such adaptive responses of 
strict anaerobic bacteria and archaea allow substantial survival rate of these 
microorganisms in the micro-aerobic conditions. 
	
Figure 2.5 Reactive oxygen species generation and anti-oxidative stress mechanism of 
microorganism 
 
 
O2
: Reactive oxygen species (ROS) generation from stepwise partial reduction of molecular O2
Sum equation: O2 + 4e- + 4H+ = 2H2O
: Anti-oxidation enzymes and reactions:
: : Superoxide dismutase (SOD): 2O2- + 2H+ = H2O2 + O2
: Catalase: 2H2O2 = 2H2O + O2
e-
O2- H2O2 •OH 2H2O
e-
2H+
e-
H+
e-
H+
2H2O
SOD
Catalase
2H+
O2-H2O2
H2O2
1
1
2
3
2H+
SOR
4
Ahp
2
: Superoxide reductase (SOR): O2- + 2H+ Rubredoxin [Reduced]= H2O2 + Rubredoxin [Oxidized]3
: Alkyl hydroperoxide reductase (Ahp): H2O2 + NADH + H+ = 2H2O + NAD+4
 
 
28 
Co-existence and synergy interaction between facultative and anaerobic microorganisms 
in AD process is another mechanism for oxygen tolerance ability of strict anaerobes that 
cannot produce anti-oxidative enzymes. In AD process, microbial consortia tend to form 
flocs with strict anaerobes in the center and facultative bacteria in the outer layer 
(Botheju and Bakke, 2011). Facultative bacteria (i.e., hydrolytic and fermentative 
bacteria) with higher anti-oxidative enzyme activity could scavenge ROS and protect the 
anaerobes, which are more susceptible to oxygen exposure (Figure 2.6). In addition, the 
gradient of oxygen and ROS reduce as it diffuse through biofilm-like layer and is 
consumed/converted completely before reaching and damaging the inner anaerobic 
microorganisms (Stewart and Franklin, 2008). As depicted in Figure 2.6a, the synergetic 
relationship is also shown in substrate flow from outer to inner section of the aggregated 
floc, where hydrolytic bacteria can consume oxygen to effectively breakdown complex 
organic matters into various intermediates that serve as substrates for fermentative 
bacteria and then anaerobic methanogens. As a result, the residual oxygen, which can be 
measured by ORP, declines to the level that is more tolerable to strict anaerobes (Figure 
2.6c). Hence, this outer layer of facultative bacteria acts as both physical and biological 
oxygen shield for strict anaerobic bacteria and archaea, allowing them to survive in 
micro-aerobic condition.  
Insufficient oxygen dosing rate, besides not bringing significant augmentations, can cause 
adverse effects since it alters the balance of microbial community and require microbial 
adjustment to the new condition (Zhu et al., 2009). In the other hand, over-aeration 
beyond the oxygen consumption and anti-oxidation capacity of facultative bacteria can 
cause detrimental effects on strict anaerobes due to high concentration of free oxygen and 
ROS as well as aerobically oxidizes available substrates that eventually lead to reduced 
methane yield (Xu et al., 2014b) (Figure 2.6b). To supply sufficient amount of oxygen, 
various factors affecting oxygen transfer and utilization rate need to be considered, which 
are elucidated in section 2.3.4. 	
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Figure 2.6 Anti-oxidative stress mechanisms of microbial community in micro-aerobic 
environment.  
Note: Distribution of various microbial groups in bioflocs: strict anaerobes aggregate in 
the center, hydrolytic bacteria locate at the outer, and fermentative bacteria spread across 
the biofloc (a). Substrate gradient across bioflocs where products from the outer group 
are substrate of the adjunct inner group. Gradient of oxygen and ROS across the bioflocs 
in excess (b) and adequate micro-aeration intensity (c).  
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2.3.3 Differences between anaerobic and aerobic metabolic pathway   
Micro-aeration-based AD processes create a unique environment that overlaps between 
anaerobic and aerobic conditions by maintaining niches for both anaerobes and micro-
aerobes in such environment.  
Under anaerobic condition, organic matters are partially reduced to energy-rich 
compounds (consist of phosphate bond or coenzyme A (CoA) molecule), which generate 
ATP via substrate level phosphorylation. Due to the lack of an effective mechanism to 
transport electrons, anaerobes produce less energy from the organic degradation reactions 
(4 mols ATP/mol glucose) (Figure 2.7). In addition, to maintain the redox balance (ratio 
of NADH/NAD+) under an anaerobic condition, fermentative products (e.g. ethanol, 
lactate, and VFA) are produced to regenerate NAD+ from NADH (Madigan et al., 2015). 
These intermediates are further converted to CH4 via syntrophic oxidation reactions 
coupled with methanogenesis while generating minimal amount of energy using ion 
pumps to create proton or sodium motive force for ATP generation (Figure 2.7).   
Under aerobic condition, on the other hand, acetyl-CoA goes through tricarboxylic acid 
(TCA) cycle to be completely oxidized to CO2 through highly energetic reaction. Using 
O2 as a terminal electron acceptor, aerobic oxidation of 1 mol glucose generates total of 
32 mol ATP via glycolysis, TCA cycle and oxidative phosphorylation of reduced 
coenzymes (NADH and FADH2) (Figure 2.7). With this highly energetic metabolism, 
aerobic microbes rapidly consume organic matters and grow faster than anaerobes, as 
evident from higher maximum specific growth rate, substrate affinity, and biomass yield 
(Table 2.3). Table 2.2 shows the comparison between energy produced from different 
VFA using aerobic respiration and syntrophic anaerobic oxidation. Thermodynamic 
constraint of syntrophic oxidation of VFA to acetate and H2 is a bottleneck in AD 
processes leading to VFA accumulation and process instability, especially at high OLRs. 
Therefore, microaerobic condition integrating the aerobic VFA oxidation by heterotrophs 
with anaerobic methanogenesis could be a promising strategy to facilitate energetic 
conversions of intermediates to maintain overall stability of AD processes. To couple 
aerobic oxidation with anaerobic reduction reactions, effective micro-aeration control 
strategy is needed to prevent inhibition of obligate anaerobes, as previously discussed.  
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Figure 2.7 Metabolic pathway and energy production from lignocellulosic substrate in 
anaerobic and micro-aerobic environments.  
Note: *ATPs produce from1 mol Glucose. SAO: syntrophic acetate oxidation. TCA: 
tricarboxylic acid cycle (i.e. citric acid cycle or Krebs cycle). Data from Madigan et al., 
(2015).  
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Table 2.2 Energetics of VFA consumption reactions under micro-aerobic and anaerobic 
condition 
No. Reactions ∆Go’ 
(kJ)* 
Electrons 
transferred 
∆Go’ 
(kJ/e-) 
Anaerobic condition (Redox couple 2H+/H2: Eo’= - 420 mV) 
1A Valerate + 3 H2O = 2.5 Acetate + 3 H2 + 1.5 H+ 72.6 6 12.1 
2A Butyrate + 2 H2O = 2 Acetate + 2 H2 + H+ 48.3 4 12.1 
3A Propionate + 1 H2O = 1.5 Acetate + H2 + 0.5 H+ 24.2 2 12.1 
4A Acetate + H++ 2 H2O = 2 CO2 + 4 H2 94.9 8 11.9 
Micro-aerobic condition (Redox couple 0.5O2/H2O: Eo’= + 820 mV) 
1B Valerate + H+ + 6.5 O2 = 5 CO2 + 5 H2O -2773.6 26 -106.7 
2B Butyrate + H+ + 5 O2 = 4 CO2 + 4 H2O -2133.8 20 -106.7 
3B Propionate + H+ + 3.5 O2 = 3 CO2 + 3 H2O -1493.8 14 -106.7 
4B Acetate + H+ + 2 O2 = 2 CO2 + 2 H2O -853.9 8 -106.7 
Methanogenesis (Redox couple CO2/CH4: Eo’= -240 mV) 
AM Acetate + H+ = CO2 + CH4 -35.9 8 -4.5 
HM CO2 + 4 H2 = 2 H2O + CH4 -130.8 8 -16.4 
Note: *Standard Gibb’s free energy (∆Go’) is calculated with all gases at 1 atm, VFA and 
H2O at 1 M, temperature of 25oC, and at pH 7 (Dolfing, 2015; Thauer et al., 1977). 
Values of ∆Go’ change when use HCO3- + H+ instead of CO2 + H2O for balancing 
reactions. 
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 Table 2.3 Biokinetics of bacterial and archaeal groups 
 µm KS qm Y Reference 
Aerobic heterotrophic bacteria 13.20 20 27 0.49 (Rittmann and 
McCarty, 2001) 
Carbohydrate fermentative 
bacteria 
1.20 500 9.8 0.13 (Ni et al., 2015) 
Anaerobic acetate degrader 0.38 165 9.5* 0.04 (Lawrence and 
McCarty, 1969) 
Anaerobic propionate degrader 0.31 60 7.8* 0.04 (Lawrence and 
McCarty, 1969) 
Anaerobic butyrate degrader 0.35 13 7.0* 0.05 (Lawrence and 
McCarty, 1969) 
Sulfide-oxidizing bacteria 1.4 - 5a 0.28c  (Rittmann and 
McCarty, 2001) 
Sulfate-reducing bacteria 0.29 - 1.05b 0.28d  (Rittmann and 
McCarty, 2001) 
Acetoclastic methanogens 0.30 - 8.4 0.035 (Rittmann and 
McCarty, 2001) 
Hydrogenotrophic 
methanogens 
0.50 - 1.1b 0.45d (Rittmann and 
McCarty, 2001) 
Note: µm: maximum specific growth rate (1/day), KS: half-velocity constant (mg COD/L), 
qm: maximum specific substrate utilization rate (g COD/g VSS/day), Y: biomass yield (g 
VSS/g COD). *Calculate from equation µm= qm*Y (Rittmann and McCarty, 2001). 
Specific unit: a g S/g VSS/day, b g H2/g VSS/day, c g VSS/ g S, d g VSS/g H2.  
2.3.4 Factors affect micro-aeration intensity 
Micro-aeration intensity is the main factor determining effects of micro-aeration on the 
AD system. The rate of micro-aeration varies depending on specific purpose, ranging 
from controlling VFA accumulation, stabilizing the process, removing hydrogen sulfide, 
increasing methane yield, enhancing hydrolysis, to improving VFA production (Figure 
2.8). For example, Zhou et al., (2007) used the aeration rate of 0.38 mL O2/mg S and 
 
 
34 
Krayzelova et al., (2015) used the molar ratio of O2/S2- of 0.5 to remove hydrogen sulfide 
from biogas. For enhancing hydrolysis, aeration intensity is usually calculated based on 
total solids (TS) content of the feedstock and is reported as L air/ kg TS.day (Nguyen et 
al., 2007; Zhu et al., 2009). Botheju et al. (2010), in other approach, used aeration rate of 
2.5 to 10 % of COD of feedstock for improving the hydrolysis. 	
	
Figure 2.8 Factors determine effects of micro-aeration on anaerobic digestion 	
 
Despite the fact that micro-aeration rates could be determined based on specific purposes, 
oxygen transfer rate (OTR) and oxygen utilization rate (OUR) has to be considered to 
provide sufficient amount of oxygen in different situations. Micro-aeration systems 
follow oxygen mass balance principle showed in the equation below.  
Accumulated O2 = O2 transfer rate – O2 utilization rate = (kLa * ΔCO2) – (qO2 * Cx)	
Where, kLa is oxygen transfer coefficient, ΔCO2 is oxygen concentration gradient (= 
saturated oxygen concentration – dissolved oxygen concentration in liquid phase), qO2 is 
oxygen consumption rate of microbes, and Cx is microbial biomass concentration. 	
The equation explains that the micro-aeration intensity should be increased in a system 
that has low OTR such as in high solid loading rate AD process or in a system with high 
OUR from highly active aerobes or facultatives.   
The OTR in the AD process depends on the factors such as reactor configuration, micro-
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aeration method (i.e. use air or oxygen, air bubble size, exposure time in liquid, injection 
in liquid or gas phase), TS content of the reactor, and etc. (Garcia-ochoa and Gomez, 
2009). The OUR could be determined based on concentration and characteristics of 
inoculum and substrate. OUR could also affect oxygen transfer rate by influencing the 
oxygen concentration gradient (ΔCO2). Garcia-ochoa and Gomez (2009) observed a 
higher oxygen transfer rate in the AD system with a higher oxygen consumption rate. 
Understanding the dynamic and using kLa and OTR in micro-aerobic condition, we can 
scale-up the process while maintaining the same efficiency of the system at lab-scale 
(Fernández-Sandoval et al., 2017). The only mathematical tool available now to model 
the effect of oxygen in anaerobic process is the ADM1-Ox – an adapted model from the 
well-known Anaerobic Digestion Model No. 1 (ADM1) (Botheju et al., 2010). However, 
dynamic of OTR and OUR in micro-aerobic environment are yet to be studied and 
remained as interesting topic to be critically investigate in future researches.  
The point of micro-aeration (i.e. liquid or gas phase; before or during AD) needs to be 
carefully considered depending on different micro-aeration purpose (Table 2.4). For 
example, injection of air or oxygen in the reactor headspace at high intensity was widely 
practiced for removing hydrogen sulfide with removal efficiency of as high as 99% 
(Krayzelova et al., 2015). However, due to the limited air diffusion rate between gas-
liquid interphase especially in the high solids conditions, this micro-aeration method fails 
to impact processes in the liquid phase such as remove dissolved sulfate, sulphide, or 
improve hydrolysis rate (Boe et al., 2010; Sheets et al., 2015). Micro-aeration can be 
injected to inoculum tank, hydrolytic reactor of a two-staged reactor configuration, mix-
cultured AD reactor, biogas or sludge recycled line, or digestate storage tank to achieve 
different purposes (Girotto et al., 2016). In the two-staged reactor configuration, when the 
hydrolytic reactor is micro-aerated, the risk of inhibiting methanogens would be 
minimized (Xu et al., 2014b). However, in single-staged reactor configuration, facultative 
bacteria were reported to quickly consume additional oxygen and protect the oxygen-
sensitive methanogens (Botheju and Bakke, 2011). Under micro-aerobic condition, 
specific activities of methanogens were even improved as compared to that of the 
anaerobic condition due to diverse and well-balanced microbial community structure, 
resulting in low VFA accumulation and stable pH (Fu et al., 2016; Lim et al., 2014).  
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Characteristic and concentration of inoculum and substrate are crucial in determining the 
OUR in micro-aerobic condition. Microbial biomass concentration and microbial 
community structure in micro-aerobic digestion processes affect micro-aeration rate, and 
vice versa. In recent studies, micro-aeration was applied to increase the concentrations of 
microbial biomass that resulted in a shorter and more stable start-up time of anaerobic 
reactors (Díaz et al., 2011a; Jenicek et al., 2011). Therefore, micro-aeration treatment 
could mitigate the inhibitory effects of hydraulic overloading that caused biomass 
washed-out and rapidly recover the system under such overloading condition (Ramos and 
Fdz-Polanco, 2013). Taxonomic analysis in full-scaled AD reactors showed that Bacteria 
and Archaea domain consisted of 93% and 5.6 % of total DNA sequences, respectively, 
(J. Guo et al., 2015). Among bacteria, Firmicutes, Proteobacteria, Bacteroidetes, and 
Actinobacteria were dominant phyla. Similar result was observed in the studies by (Lim 
et al., 2013; Niu et al., 2015). The microbial structure also varied depending on inoculum 
type (Yin et al., 2016), reactor configuration (Lim et al., 2013), operation state (i.e. 
startup or stable phase) (Goux et al., 2016), substrate types (Hanreich et al., 2013) and 
micro-aeration treatment (Lim et al., 2014). 
Substrate characteristics and concentrations affect the micro-aeration rate through 
hydrolysability and organic loading rate, respectively ( 
Table 2.4). AD reactors with substrate with recalcitrant feedstocks such as lignocellulosic 
biomass could use micro-aeration as biological pretreatment to enhance hydrolysis rate 
(Díaz et al., 2011a; Jagadabhi et al., 2010b). Micro-aeration intensity for substrates that 
have higher hydrolysis rate, such as food waste, wastewater, and sludge, require a fine 
adjustment to prevent the excess accumulation of VFA in the system while achieve the 
goal of improve methane yield (Johansen and Bakke, 2006; Lim and Wang, 2013; Xu et 
al., 2014b). In all applications of micro-aeration, substrate competition between 
facultative bacteria and anaerobic methanogens needs to be meticulously considered to 
maintain the balance of the enhanced digestion system and prevent the overall reduction 
in methane yield. Based on the purpose of the micro-aeration,  
Table 2.4 could be used along with Figure 2.8 as guidance for future studies to decide the 
micro-aeration rate at the specific reactor conditions.    
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Table 2.4 Factors determining micro-aeration rate	
Factors	 Recommended micro-aeration 
purpose	 Recommended micro-aeration rate*	
Reactor configuration	
CSTR	 Control VFA accumulation	
Sulfide removal	 Low	
UASB	 Enhance methane production	
Sulfide removal	 Medium	
Leached bed reactor	 Enhance hydrolysis 		 High	
Acid tank of two-staged 
reactor	 Enhance VFA production	Enhance hydrolysis	 High	
Micro-aeration method 
Gas phase injection H2S gas removal High 
Liquid phase injection Enhance hydrolysis 
Dissolved sulfide removal 
Enhance VFA production	
Control VFA accumulation 
Low-Medium 
Single injection Enhance hydrolysis 
Enhance VFA production 
High  
Intermittent/continuous 
injection 
Control VFA accumulation Low 
Inoculum	
Low biomass 
concentration	 Reduce start-up time	 Low 	
High biomass 
concentration	 Control VFA accumulation	Enhance hydrolysis	 High	
Low biomass diversity	 Enhance hydrolysis	
Control VFA accumulation	 High	
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High biomass diversity	 -	 Low	
Substrate	
Low hydrolysability rate 	 Enhance hydrolysis	 High	
High hydrolysability rate	 Enhance VFA production	
Enhance methane yield	 Medium	
Low organic loading rate	 Enhance hydrolysis	 Low	
High organic loading rate	 Control VFA accumulation		 High	
Note: *Recommended micro-aeration rate based on previous studies: Low: 0.005-0.01, 
medium: 0.01-0.2, high: 0.2-5.0 L O2/ L reactor/day (Table 2.5). 
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Table 2.5 Micro-aeration rate of various applications	
Objective	 Reactor 
configura
tion and 
working 
volume	
Substrate	 Micro-
aeration 
intensity	 Dosing method	 O2 dosing rate equivalent 
(L O2/L/d)*	
Result	 Reference	
Enhance 
hydrolysis	 CSTR (3L)	 Food waste and brown 
water	 5 mL and 7 mL O2/L/d	 Single dosing	 0.005 and 0.007	 More diverse bacterial population and higher VFA concentration	 (Lim et al., 2014)	
Enhance 
hydrolysis	 CSTR  (0.25L)	 Food waste and brown 
water	 0.037 L O2/L/d	 Daily dosing (4 days)	 0.04	 Enhance hydrolysis and acidogenesis	 (Lim and Wang, 2013)	
Enhance 
hydrolysis	 CSTR (0.5L)	 Primary sludge	 500 ml air/d at flowrate 15 
sec/min	 Semi-continuous time based	 0.21	 50-60% enhance hydrolysis. Reduced methane yield, VFA and 
sCOD due to aerobic 
substrate consumption	
(Johansen 
and 
Bakke, 
2006)	
Enhance 
hydrolysis	 CSTR (1.6L)	 Primary sludge	 2.5 mL air/min	 Continuous	 0.5	 Increase solubilization of COD by hydrolysis of 
carbohydrates and protein	 (Diak et al., 2013)	
Enhance 
hydrolysis	 CSTR (2.5L)	 Waste activated 
sludge	 0.4 vvm and 0.08 vvm of air	 Continuous	 24-121	 Increase solubilization	 (Hasegawa et al., 2000)	
Enhance 
hydrolysis	 Leach bed 
reactor 
(4.6L)	
Synthetic food 
waste	 129, 258, 387 L air/kgTS/d 
at flow rate of 
1L/min	
Semi-
continuous 
time based	 2.1, 4.4, and 6.5	 Middle aeration rate is best: increased hydrolysis and no effect on 
methanogenic reactor	
(Xu et al., 
2014b)	
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Enhance 
hydrolysis 
and 
acidification	
Leach 
bed 
reactor 
(260L)	
Municipal 
solid waste	 1L air/min for 2h and stop 
4h.	
3.2 L 
air/kgTS/d	
Semi-
continuous 
time based	 0.39	 No significant increase of hydrolysis	 (Nguyen et al., 2007)	
Enhance 
methane yield	 Batch (0.2L)	 Corn straw	 12.5, 25, 50, 100 mL 
air/L/d	 Single	 0.003-0.021	 Enhance methane yield and VS removal at lower micro-aeration intensity. 
Enhance diversity of 
phylum Firmicutes	
(Fu et al., 
2016)	
H2S removal	 CSTR 
(200L)	 Waste activated 
sludge	 0.013-0.024L O2/L/d	 Continuous	 0.013-0.024	 99% H2S removed. No negative effect on methane yield	 (Fdz.-Polanco et al., 2009)	
H2S removal	 Fluidized 
bed 
(1.7L)	 Vinasse	 0.7-0.9L air/L/d (Molar ratio of O2/S 
is 8-10)	
Continuous	 0.15-
0.19	 Complete removal of H2S in biogas. No aerobic 
respiration of organic 
substrate	
(van der 
Zee et al., 
2007)	
H2S removal	 UASB 
(10.5L)	 Pulp mill wastewater	 3-6 mL air/L/min 
(0.38 mL 
O2/mgS)	
Continuous	 0.9-1.8	 Up to 30% of H2S 
removal. 40-80% enhance 
COD removal rate.	 (Zhou et al., 2007)	
H2S removal	 CSTR 
(50L)	 Primary sludge	 0.14 mL O2/sec to 
maintain ORP 
between -320 
to 270mV	
Semi-
continuous 
ORP based	 -	 99% H2S removal. No effects on VS and COD removal rate	 (Nghiem et al., 2014a)	
H2S removal	 Sludge 
digester 
(200L)	 Waste Activated Sludge	 0.25 L O2 / L sludge	 Continuous	 0.01	 98% H2S removal from biogas.	 (Díaz et al., 2011b)	
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H2S removal	 UASB 
(2.7L)	 Synthetic brewery 
wastewater	 0.5 mol O2/S
2- 
(1L air/d)	 Continuous	 0.08	 73% H2S removal.	 (Krayzelova et al., 
2014)	
H2S removal	 Sludge 
digester 
(200L)	 Waste activated sludge	 0.25L O2/L feed and 1.27 L air/L feed	 Continuous	 0.25	 99% H2S removal.		 (Díaz et al., 2010)	
Control VFA 
accumulation 
and improve 
effluent 
quality	
CSTR 
(10L)	 Waste activated 
sludge	 1.6 L /d	 Continuous	 0.03	 Micro-aerobic reactor had 3.5 times lower VFA, 33% lower of sCOD, 
lower foaming and better 
dewaterability as 
compared with anaerobic 
reactor	
(Jenicek et 
al., 2014)	
Overcome 
overloading 
and improve 
reactor 
stability	
CSTR 
(200L)	 Waste activated 
sludge	 4.4 NL O2/m3/d	 Continuous	 0.01	 Overcome hydraulic overloading.	Promoted growth of 
hydrogenotrophic 
methanogens.	
(Ramos 
and Fdz-
Polanco, 
2013)	
pH control	 CSTR 
(3L)	 Synthetic wastewater	 0.1 and 1 g O2/L.d at 
flowrate 0.9L 
O2/min	
Semi-
continuous 
time- based	 0.07 and 0.7	 Help recover pH to neutral. Good for startup reactor.	 (Zitomer and Shrout, 
1998)	
VFA 
production	 Leach-bed 
reactor 
(1L)	
Grass silage	 1 L and 4 L 
air/min	 Semi-continuous 
time based	 0.5 and 5	 Increased the VFA production by 4 times. Extensive aeration 
reduced VFA production	
(Jagadabhi 
et al., 
2010a)	
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VFA 
production 
Batch 
(0.16L) 
Napier grass 15 and 30 mL 
O2/gVS 
Single 0.09 and 
1.9 
Highest VFA production 
with 15 mL O2/gVS and 3 
days incubation time with 
cattle manure inoculum 
(Sawatdee
narunat et 
al., 2017) 
Note:  CSTR: continuous stirred-tank reactor; UASB: up-flow anaerobic sludge blanket; sCOD: soluble chemical oxygen 
demand; VS: volatile solid; TS: total solid. *Calculated from reported micro-aeration intensity with assumption O2 = 21% v/v 
of air. 
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2.3.5 Micro-aeration process control 
Process control is critically important to allow precise control of micro-aeration in AD 
system. Besides time-based on-off control, other fine process control systems such as 
proportional-integral-derivative (PID) control (Liu et al., 2011) and ORP-based control 
(Chang et al., 2014; Khanal and Huang, 2006; Nghiem et al., 2014) are recommended. 
The use of ORP as a control parameter could maintain enough residual oxygen without 
inhibiting obligate anaerobes, since dosing of oxygen could be controlled precisely based 
on oxygen consumption rate of facultative bacteria in the system. Application of ORP for 
process monitoring and control of fermentation process for producing desired products by 
sensing intracellular metabolic profile was also implemented in microaerobic and 
anaerobic environments (Liu et al., 2013). For these reasons, ORP-based process control 
system appears to be the most appropriate technique for controlling micro-aeration. 
However, ORP is also susceptible to environmental factors such as pH, temperature, and 
ionic strength. Therefore, further development and application of ORP-based micro-
aeration control strategy should be examined for AD system.  	
Selection between air and pure oxygen for dosing into the anaerobic reactor should be 
based on the purpose of the micro-aeration and the associated cost. Use of air is much 
cheaper than using pure oxygen. However, air dilutes the biogas with nitrogen, which 
ultimately deters the quality of biogas as an energy resource. If the sole purpose of micro-
aeration is to increase the VFA production instead of biogas production, air could be used 
for micro-aeration. Díaz et al. (2015) suggested the application of oxygen at 
concentration of 95% (by volume), which was generated from pressure swing adsorption 
generator as a more economical substitute for air or pure oxygen. 	
The challenge associated with automatic process control of micro-aeration is the bottle 
neck of the implementation of micro-aeration at full-scale AD system. The development 
of an automatic micro-aeration dosing system with intrinsic control and long-term 
stability is required to make this technology successful. 	
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2.4 Syntrophic relationships of microbial community under micro-aerobic condition 
The foundation of AD process is the breakdown of complex organic matters in series of 
steps, in which products of the previous step are substrates for the following step. As a 
result, microorganisms interact with each other in such a way that allows the continuous 
substrate flow from hydrolysis to fermentation and then methane generation. This 
syntrophic relationship between bacteria and archaea community allows them to survive 
even with limited ATP production from thermodynamic marginal reactions (Stams and 
Plugge, 2009).  
The AD process is a slow-rate process (with hydrolysis or methanogenesis as rate-
limiting steps, depending on substrate type) and is highly susceptible to changes in 
environmental conditions including inhibitory compounds produced during AD such as 
H2S, NH3 and VFA (Chen et al., 2008). Micro-aeration overcomes these impediments by 
augmenting the abundance and activity of the targeted group of microorganisms in order 
to achieve the specific objective. For example, it stimulates the production of 
extracellular hydrolytic enzymes in hydrolytic bacteria thereby enhancing substrate 
solubilization and VFA production or promote the activity of sulfide-oxidizing bacteria 
for hydrogen sulfide removal.  
Nevertheless, the balance and syntrophic relationship between different microbial groups 
have to be maintained in micro-aerobic process. In details, the micro-aeration system has 
to maintain the balance between anaerobic and aerobic, between OTR and OUR, between 
oxidation and reduction reactions, between substrates and products. In order to achieve 
this, synergies between sulfate-reducing bacteria and sulfide-oxidizing bacteria, 
hydrolytic and fermentative bacteria, methanogens and syntrophs needed to be 
maintained. 
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Figure 2.9 Syntrophic relationship between microbial community of AD processes and 
effects of micro-aeration 
 
Table 2.6 Effect of micro-aeration on functional microbial groups 
Micro-
aeration 
purpose 
Effect on microbial group  
(% change*) 
Microbial function Reference 
Enhance 
hydrolysis 
Firmicutes (+6 %) Hydrolytic bacteria (Fu et al., 2016) 
Clostridiales (+16%) Hydrolytic bacteria grew on 
cellulosic substrate 
Methanosarcina (+111%)  Aerotolerant methanogens 
Methanobacterium (+100%) Hydrogenotrophic 
methanogens 
Enhance 
hydrolysis 
Firmicutes (+24%) Hydrolytic bacteria grew on 
various substrates 
(Lim et al., 2014) 
s
HS-
+O2 +O2 +O2
Complex 
substrates
Soluble
substrates
VFAs
CH4Hydrolytic 
bacteria
Fermentative 
bacteria
Methanogens
SRB
So
+O2SOB
CO2
SO42-
H2
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VFA 
production 
Firmicutes (+128%) 
 
Hydrolytic bacteria with 
extracellular enzymes 
(Yin et al., 2016) 
Sulfide 
removal 
Desulfovibrio 
psychrotolerans (-55% to -
100%) 
Sulfate-reducing bacteria (Chang et al., 
2014) 
Sulfide 
removal 
Arcobacter mytili, 
Thiobacillus, 
Halothiobacillus, 
Sulfuricurvum, 
Acidithiobacillus (identified) 
Sulfide-oxidizing bacteria  (Díaz et al., 
2011b; Ramos et 
al., 2013) 
Note: *Changes (+: increase, -: decrease) in relative abundance (%) as compared to the 
same process at anaerobic condition. 
2.4.1 Sulfide-oxidizing bacteria and sulfate-reducing bacteria 
Sulfate-reducing bacteria (SRB), such as Desulfobacterium, Desulfovibrio, 
Desulfomicrobium, reduce sulfate to a toxic and highly corrosive hydrogen sulfide (H2S) 
in biogas and dissolved sulfide (H2S and HS-) in aqueous phase that inhibits anaerobes 
especially methanogens and is corrosive to the pipe and metal parts of reactors. In 
addition, competition for substrates (acetate, H2, and other intermediates) between SRB 
and methanogens is equally important to consider, especially when the goal is to enhance 
methane production (Figure 2.9). SRB with higher substrate affinity for acetate, H2 and 
higher growth rate outcompete methanogens thereby resulting in low methane yield and 
high H2S content in the biogas (Muyzer and Stams, 2008).  
Sulfide-oxidizing bacteria (SOB) are responsible for biological oxidation of sulfide (HS-) 
to elemental sulfur (So), sulfate (SO42-) and thiosulfate (S2O32-) by producing Sox protein 
complex that catalyzes the sulfide oxidation reactions. Majority of SOB belong to 
phylum Proteobacteria with Thiobacillus, Halothiobacillus, Sulfuricurvum and 
Acinetobacter as main genus (Krayzelova et al., 2015). In microaerobic condition, 
dominant SOB are chemolithotrophs, and use oxygen as an electron acceptor and CO2 
or/and organic compounds as carbon and energy source. Addition of oxygen enhanced 
SOB activity with over 99% removal of H2S from biogas (Jenicek et al., 2011). 
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Co-existence of SOB and SRB occurs in bioreactor fed with sulfate-rich substrates, 
where SRB reduce SO42- to sulfide and SOB consume O2 to oxidize sulfide into 
elemental sulfur (So) and/or SO42- (Figure 2.9). Under microaerobic condition, the 
oxygen-sensitive SRB normally exist at oxygen-depleted zone and are protected from 
oxygen toxicity by SOB activity (Stewart and Franklin, 2008). Some species of SRB with 
aerotolerance such as Desulfovibrio oxyclinae, were also reported to grow independently 
under oxic condition, while other species tend to co-exist with aerobic or facultative 
bacteria as an oxygen-defense mechanism (Muyzer and Stams, 2008). This interaction is 
pivotal in controlling the micro-aeration system, since at low sulfate concentration, the 
activities of SRB and SOB are also low due to limited substrate availability. Hence, the 
injected oxygen is not completely consumed by SOB thereby resulting in the inhibition of 
strict anaerobic SRB and methanogens (Khanal and Huang, 2003).  
Air or oxygen is injected into reactor headspace and the holding time of biogas in 
headspace is the main factor governing the H2S removal efficiency (Krayzelova et al., 
2015). Several studies on micro-aeration of liquid phase of the anaerobic reactor were 
able to remove both H2S in biogas and dissolved sulfide in liquid. (Díaz et al., 2011b; 
Khanal and Huang, 2006). Micro-aeration rate for sulfide removal can be calculated 
using molar ratio of O2/S2-. Stoichiometrically, 0.5 mole O2 per mole S2- is required for 
converting H2S into So or SO42-. The micro-aeration rate, however, is affected by various 
factors, such as sulfide concentration, soluble substrate concentration, and pH among 
others. Therefore, a wide range of O2/S2- molar ratios (i.e. 0.15 to 2.0) have been reported 
in the literature (Krayzelova et al., 2015). 	
Although micro-aeration was able to remove over 99% of sulfide, reduced methane yield 
due to aerobic oxidation of substrate resulting from excess aeration and pipe clogging 
associated with sulfur element deposits, were reported as the major challenges of 
biological desulfurization using micro-aeration (Krayzelova et al., 2015). The application 
of precise automatic process control for micro-aeration, such as PID control (Ramos et 
al., 2014), and ORP-based control with supervisory control and data acquisition 
(SCADA) system (Nghiem et al., 2014) can minimize the issue with excessive substrates 
oxidation. Additionally, the micro-aeration membrane dosing system, which allows 
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elemental sulfur to precipitate on the removable membrane surface, can help to remove 
the deposited sulfur particles and overcome the pipe-clogging problem (Camiloti et al., 
2014; Krayzelova et al., 2015). 	
2.4.2 Hydrolytic and fermentative bacteria 
Taxonomic analysis of 21 full scale AD plants showed that Bacteria domain consisted of 
more than 80% of total DNA sequences (Sundberg et al., 2013). Among bacteria, 
Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria were the dominant 
bacterial phyla. However, this microbial structure in AD processes varied depending on 
inoculum types (Yin et al., 2016), reactor configurations (Lim et al., 2013), stages of 
operation (i.e. startup or stable phase) (Goux et al., 2016), and substrate types (Hanreich 
et al., 2013). Metaproteomic study found out that Fimicutes and Bacteroidetes phylum 
are responsible for the hydrolysis of hemicellulose, cellulose and other polysaccharides, 
while Proteobacteria are mainly glucose and VFA utilizing bacteria (Ariesyady et al., 
2007; Hanreich et al., 2013)..  
Micro-aeration facilitates the establishment of more diverse hydrolytic and fermentative 
bacterial communities with higher activity in AD systems (Fu et al., 2016; Lim et al., 
2014). Enhancement of diversity and activity of these facultative bacteria is the 
foundation for controlling the VFA concentration (either enhance or reduce), which 
promotes the overall stability of the AD process. Compared to strict AD system, 
microaerated AD system consisted of a higher proportion of Firmicutes phylum that is 
associated with higher substrate hydrolysis rate (Table 2.6). For example, Firmicutes 
population shifted from 58% to 72% after micro-aeration treatment (Lim et al., 2014). 
Upon micro-aeration, augmentation of bacterial activity in phylum Firmicutes (especially 
in Clostridia and Bacilli class) resulted in a 3-folds increase in acetic and butyric acids 
concentration, which ultimately resulted in higher methane yield (Xu et al., 2014).  
Under microaerobic condition, facultative anaerobes were more likely to switch their 
intracellular metabolic pathway from anaerobic fermentation to aerobic respiration, 
which is much more thermodynamically (Table 2.2) and kinetically favorable (Table 2.3). 
Central regulators such as fumarate nitrate reduction (FNR) and anoxic redox control 
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(AcrA/ArcB) upregulate the expression of genes involved in anaerobic metabolism 
(Forster and Gescher, 2014). Free O2 under microaerobic condition can inactivate these 
central regulators, leading to the expression of genes related to aerobic metabolism. For 
example, deletion of arcA and fnr genes encoding these two regulators caused 
overexpression of genes related to TCA cycle such as sucC (succinyle-CoA synthase) and 
sdhC (succinate dehydrogenase) as compared to wild type (Shalel-Levanon et al., 2005).  
Hydrolysis is reported to be the rate-limiting step in AD of high solid organic substrates 
such as municipal solid wastes and lignocellulosic biomass (Shrestha et al., 2017). Micro-
aeration is a promising environment friendly biological pre-treatment technique to 
enhance methane yield from such recalcitrant substrates. The increase in extracellular 
hydrolytic enzymes (e.g. amylase, protease and cellulase) production from a more 
abundant and diverse hydrolytic bacterial communities under microaerobic condition 
enhances the hydrolysis of carbohydrates, proteins, and other complex organic substrates 
(Lim et al., 2014; Zhu et al., 2009). For instance, Johansen and Bakke (2006) reported up 
to 60% enhancement in hydrolysis after 4 days of microaerobic pretreatment. Similar 
trends were also found in recent studies with various substrates such as municipal solid 
waste (Nguyen et al., 2007), vegetable waste (Zhu et al., 2009), food waste (Xu et al., 
2014), grass silage (Jagadabhi et al., 2010b), sugarcane bagasse (Fu et al., 2015), co-
digestion of food waste and domestic wastewater (Lim and Wang, 2013), and Napier 
grass (Sawatdeenarunat et al., 2017).  
Augmentation in hydrolytic activity results in higher soluble substrate availability for 
fermentative bacteria to produce VFA and other fermentative products, which could serve 
as potential substrates for producing high value alcohol-based fuels, biopolymer, and 
electricity using microbial fuel cell (Botheju and Bakke, 2011; Jagadabhi et al., 2010b; 
Sawatdeenarunat et al., 2016). As a result, microaerobic AD process could be used to 
produce VFA as the final products instead of biogas; and since the strict anaerobic 
methanogens are excluded from the process, there is much greater flexibility to control 
micro-aeration in the acid-producing digester. Both the yield and composition of VFA 
strongly depend on the substrate types and operating conditions including temperature, 
pH, OLRs, hydraulic retention time, and solids retention time (Sawatdeenarunat et al., 
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2017; Surendra et al., 2015). Thus, to optimize AD process to maximize VFA yield, the 
above stated operating conditions should be maintained at the optimum range. During 
acidogenesis, the optimum range of ORP to facilitate VFA production is reported to be 
between -100 and -200 mV (Yin et al., 2016). At ORP higher than -100 mV, propionic 
acid was reported to be the dominant VFA (Wang et al., 2006). The shift in fermentation 
pathway such as increase in butyric acid production from conventional acetic acid 
producing pathway was achieved under microaerobic condition (Lim et al., 2014). These 
results can be applied to control ORP level using micro-aeration to enhance the yield of 
specific VFA. However, further molecular and multi-omic analysis needs to be conducted 
to better understand the shift in metabolic pathway under microaerobic condition.  
Micro-aeration promotes the diversity, growth and activities of rapid-growing facultative 
heterotrophs which would prevent the accumulation of VFA in AD processes operating at 
high OLRs (Guo et al., 2015). For example, under microaerobic condition, propionic, 
butyric and valeric, and lactic acid were converted into acetic acids more efficiently (Lim 
and Wang, 2013). In addition, hydrogenotrophic methanogenic pathway was promoted 
under microaerobic condition that maintained low hydrogen partial pressure thereby 
maintaining stable pH of the reactor while efficiently producing methane yield (Ramos 
and Fdz-Polanco, 2013).  
Lower effluent COD, better sludge dewaterability and significantly lower foaming 
problem of an AD process were reported during long-term operation under microaerobic 
condition (Jenicek et al., 2014). Nghiem et al. (2014), however, observed no significant 
differences in pH, VS removal, alkalinity, and methane production between anaerobic 
and microaerobic conditions. This could be due to rapid oxygen consumption by SOB for 
sulfide removal in which H2S in biogas decreased from over 6,000 ppm to 30 ppm. Thus, 
the fate of oxygen in microaerobic system strongly depends on synergetic activities and 
substrate (oxygen) competition among different microbial groups.  
In conclusion, hydrolytic and fermentative bacteria, as the most abundant microbial 
group in microaerobic condition, improve the AD process in multiple ways. The 
enhancement in diversity and activity of these bacteria with the availability of limited 
oxygen is the key for the operation of an efficient AD system. With the controlled dosing 
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of appropriate amount of oxygen, improvement in VFA production and methane yields, 
and overall system stability could be achieved.  
2.4.3 Methanogens and syntrophs  
Even though Archaea domain usually consists of just <4% of microbial population, 
metagenomic study has shown that around 30% of protein released in AD process 
belongs to this domain (Hanreich et al., 2013). Acetoclastic Methanosaeta, 
Methanosarcina and hydrogenotrophic Methanosarcina, Methanoculleus, 
Methanobacteriales, and Methanospirillum are the main methane-producing archaea with 
the typical higher proportion of acetoclastic methanogens (Lim et al., 2013; Tang et al., 
2004). However, in AD processes with high concentrations of VFA, ammonia and high 
temperature (55oC, thermophilic AD), hydrogenotrophic methanogenesis is the dominant 
pathways (Hattorii, 2008). This could be due to hydrogenotrophic methanogens (HM) 
and syntrophic acetate-oxidizing bacteria (SAOB) are more resilient to inhibitors than the 
acetoclastic Methanosaeta (Demirel and Scherer, 2008; Wang et al., 2015).  
Enhancement in hydrolysis and acidogenesis under microaerobic condition generates 
more substrate for methanogens that resulted in higher specific methanogenic activity and 
ultimate methane yield  under microaerobic AD process (Fu et al., 2016; Lim and Wang, 
2013). In addition, as discussed previously, the removal of sulfide and stabilization of pH 
in microaerobic process also create an optimum condition for the growth of methanogens. 
Micro-aeration also directly affects the methane production step by modifying the 
dominant methanogenic pathway. With the ability to use both acetate and hydrogen to 
produce methane, along with aerotolerance, Methanosarcina was found to be the 
dominant archaea in microaerobic system (Fu et al., 2016). The shift of dominant 
archaeal genus from Methanosarcina to Methanoculleus and from acetotrophic to 
hydrogenotrophic pathway following micro-aeration was reported in several studies 
(Ramos and Fdz-Polanco, 2013; Tang et al., 2004). The shift between acetoclastic and 
hydrogenotrophic pathway is highly dependent on the activity of SAOB (converting 
acetate to H2 and CO2) and homoacetogenic bacteria (reducing CO2 to acetate).  
Thermacetogenium phaeum, Syntrophaceticus schinkii, Tepidanaerobacter 
acetatoxydans and Clostridium ultunense are the common SAOB (Ariesyady et al., 
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2007). Dominance of SAOB and hydrogenotrophic methanogens was found in co-
digestion of diverse substrates in full-scale AD systems in contrast to the acetoclastic 
methanogens for AD process fed with sewage sludge (Sundberg et al., 2013).  
Under microaerobic condition, facultative heterotroph could join the syntrophic 
relationship between methanogens and syntrophs as previously discussed. The traditional 
syntrophic interaction between SAOB and hydrogenotrophic methanogens could be 
replaced by the synergetic interaction between facultative bacteria (producing H2, CO2) 
and hydrogenotrophic methanogens (consuming H2, CO2). The later combination is 
highly energetic (Table 2.2) and could promote the stability of AD processes operating at 
high OLRs, if micro-aeration is meticulously controlled.  
Therefore, changes in VFA, H2 and CO2 concentration of AD processes operating under 
microaerobic condition can affect the archaeal communities and therefore the dominant 
methanogenic pathway. This interesting concept needs to be examined to better 
understand the dynamic interaction between bacterial and archaeal communities using 
novel multi-omics approaches.   
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Chapter 3 
Materials and Methods 
3.1 Overall research framework 
The overall goal of this study is to develop and validate the performance of an ORP-
based micro-aeration system for controlling VFA accumulation and maintaining stability 
of AD process at high OLRs. The specific objectives are to: (1) identify key monitoring 
parameters to estimate reactor performance; (2) develop an ORP-based micro-aeration 
process control system for the AD process; and (3) evaluate the effect of micro-aeration 
on microbial community of the AD process. Figure 3.1 shows the overall research 
framework of this study.              
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Figure 3.1 Overall research methodology according to objectives 
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3.2 Feedstock and inoculum  
Napier grass (Pennisetum purpureum, 5 months old) was harvested from the Waimanalo 
Research Station (Waimanalo, HI, USA). The freshly harvested grass was passed through 
a shredder (Vincent Corporation, Tampa, FL, USA) and was air-dried until moisture 
content reached <15% for stable storage at room temperature. The dried biomass was 
then passed through a cutting mill (Retch SM2000, Haan, Germany) with a screen size of 
2 mm. The processed biomass was stored in vacuum bags at room temperature and was 
used as a sole feedstock for the entire research period. The processed biomass was 
characterized for total solids (TS), volatile solids (VS), carbon-to-nitrogen (C/N) ratio, 
and fiber composition (Table 3.1). 
Cattle manure-derived inoculum, which was maintained in a 20-L inoculum reactor at 
mesophilic condition (35 ± 2oC), was used to start-up the reactors. The inoculum reactor 
was previously fed with fresh cattle manure and the inoculum was harvested after 40 days 
of digestion by passing through a #8 sieve (ASTM 2.36 mm, Thermo Fisher Scientific 
Inc., USA) to remove residual fibers in the inoculum. The prepared inoculum was 
characterized for TS, VS, C/N ratio, and total VFA to total alkalinity (VFA/ALK) ratio 
(Table 3.1). The inoculum was stored anaerobically at 4oC in walk-in refrigerator until 
further use. 
Table 3.1 Characteristics of inoculum and feedstock for the AD reactor 
 Feedstock Inoculum 
TS (%) 88.5 ± 0.1 3.7 ± 0.0 
VS (% TS) 89.1 ±0.2 73.1 ± 0.1 
Hemicellulose (% TS) 26.6 ± 0.0 NA 
Cellulose (% TS) 42.1 ± 0.7 NA 
Acid detergent lignin (% TS) 5.3 ± 0.7 NA 
C/N ratio 56.7 ± 1.7 3.1 ± 0.1 
VFA/ALK NA 0.1 ± 0.0 
Note: Data shown as mean ± standard deviation of triplicated samples. NA: Not available 
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3.3 Reactor set-up and operation 
A 3.5-L continuous stirred tank reactors (CSTRs) with a working volume of 2 L were 
fabricated using acrylic (Figure 3.2). Mesophilic temperature (35 ± 2oC) was maintained 
using a rubber heating jacket with temperature controller (Power density: 1.25 W/inch2, 
Brisk Heat, OH, USA). To start up, the reactor was loaded with 1.5 L of inoculum and 
purged with N2 gas in 15 min to create anaerobic condition. Napier grass was gradually 
fed into the reactor at OLR 0.5 g VS/L/day for 20 days (until the reactor’s working 
volume reached 2 L). The reactor was then operated at OLR of 1.5, 3.0, and 5.0 g 
VS/L/day. The OLR was increased gradually at incremental rate of 0.5 g VS/L/day 
(Figure B2 to B4). The reactor was operated in the semi-continuous mode by daily 
withdrawing digestate and feeding mixture of Napier grass and distilled water to maintain 
hydraulic retention time (HRT) of 20 days. Reactor was operated at anaerobic condition 
and micro-aeration was initiated when the reactor showed the sign of instability, 
especially VFA accumulation. Reactor performance was evaluated based on methane 
yield, pH, ORP, VFA/ALK ratio, total VFA, individual VFA, and VS removal. The 
whole set of experiment was performed in triplicate for statistical analysis.  
 
Figure 3.2 Schematic diagram of reactor set-up with ORP-based micro-aeration system 
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3.4 ORP-controlled micro-aeration system 
The reactor as depicted in Figure 3.2 are equipped with thermocouple (TTSS-116U-12, 
Omega Engineering, CT, USA) and oxidation-reduction potential (ORP) probe with 
Ag/AgCl reference electrode (EW-27003-40, Cole-Parmer, IL, USA) to monitor 
temperature and ORP, respectively using data loggers (Dataq, OH, USA). The ORP 
probe was connected to an ORP controller (EW-56700-00, Cole-Parmer, IL, USA) to 
control the micro-aeration system. The flow rate of oxygen from the compressor tank 
(OX R200, Airgas, HI, USA) was finely adjusted at 10 mL/min (to meet adequate 
pressure for oxygen injection) using the two-staged low-pressure regulator and needle 
valve. A digital timer was used to automatically monitor the total micro-aeration time in 
seconds. Daily oxygen dosing volume (mL/day) was then calculated by multiplying the 
oxygen flow rate with daily micro-aeration time. 
ORP or redox potential, which is highly sensitive to the dissolved oxygen (DO) 
concentration, was selected as the control parameter for micro-aeration in this research. A 
linear correlation between ORP and logarithm of DO concentration was observed as 
shown in Figure A.3, indicating that even a small amount of DO (< 0.1 mg/L) could be 
detected by the ORP probe. According to the correlation, DO of 0.1 mg/L is equivalent 
with ORP of -96 mV; and a 25 mV increase in ORP is equivalent to a DO increase of 
0.02 x 10-6 mg/L or 1.25 x10-6 µM O2 (Figure A.3).  
When oxygen is supplied to an anaerobic process, it creates a more oxidative 
environment, resulted in a rise in the ORP to a more positive value. The redox potential 
difference between anaerobic and micro-aerobic conditions was reported to be at +25mV 
(Khanal and Huang, 2006; Krayzelova et al., 2014), +35mV (Jenicek et al., 2011) and 
+50 to +100 mV (Khanal and Huang, 2003). In this research, micro-aerobic conditions 
were maintained via ORP-controlled micro-aeration at a target ORP of +25 mV above the 
baseline ORP of an anaerobic bioreactor, following the control scheme previously 
described (Khanal and Huang, 2003). When the ORP of the reactor reached 10 mV below 
the target value, the ORP controller triggered the solenoid valve (DVP-2DC1D, 
Automation Direct, GA, USA) to inject oxygen into the bottom of the reactor via a 2 mm 
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inner diameter stainless steel tube. The injected oxygen promptly spiked up the ORP to 
approximately 10 mV above the target value, which then prompted the solenoid valve to 
close thereby stopping the micro-aeration. The ORP then gradually reduced until it 
reached below the set point and again that started the next cycle of micro-aeration. 
Hence, a uniform ORP profile oscillating between 10 mV below and above the target 
ORP was obtained.  
3.5 Chemical analyses 
The pH was measured daily using a pH meter (Accumet AB15, Fisher, OH, USA). ORP 
was measured on-line (at sampling rate of 10 mins/sample) using an ORP probe with Pt 
electrode and Ag/AgCl reference electrode filled with 3M KCl (EW-27003-40, Cole-
Parmer, IL, USA), calibrating with Zobell standard solution (Fisher, OH, USA). All ORP 
values in this study were reported in mV with Ag/AgCl as a reference electrode (EAg), 
otherwise specified. The standard redox potential value (Eh) with standard hydrogen 
electrode at 35oC can be calculated according to the manufacturer’s guideline using the 
following expression: Eh = EAg – 200 mV. ORP value with adjustment to pH 7 (Eh pH 7) 
could be done using correlation in Appendix A.  
Daily biogas production was collected in a 10-L Tedlar gas bag (CEL Scientific 
Corporation, CA, USA) and quantified using a milli-gas counter (Ritter US LLC, NY, 
USA). Gas volumes were normalized to standard temperature (273 K) and pressure (1 
atm) and reported as NmL. Biogas composition (i.e., CH4, CO2, N2, H2 and O2) was 
determined using gas chromatography equipped with thermal conductivity detector (GC-
TCD) at 80oC (GC2014, Shimadzu, Japan) using a packed column (80/100 Hayesep D 
column, 2 m x 2.1 mm ID, Supelco, PA, USA). The column temperature was 
programmed at 80oC and held for 40 min. Daily methane yield was calculated and 
reported as NmL CH4/g VS added.  
Digestate samples from AD reactor were centrifuged at 10,000 rpm in 10 min (Eppendorf 
5810R, Germany) before filtered through GF/C glass microfiber filter paper (Whatman 
1822-047, UK). The filtered samples were then used for total VFA, total alkalinity, and 
individual VFA analysis. 
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Total VFA to total alkalinity (VFA/ALK) ratio was analyzed every two days using an 
autotitrator (TitraLab AT1000, Hach, Germany) with FOS/TAC software (HACH, 
Germany) based on the method of (Kafle et al., 2012). The VFA/ALK ratio was reported 
as mass ratio of acetic acid (HAc) equivalent over CaCO3 equivalent. The total VFA 
values from the autotitrator were reported as g/L as HAc and were not substantially 
different (p > 0.05) with the values obtained by adding the concentrations obtained for 
individual VFA.   
Individual VFA (acetic, propionic, butyric, iso-butyric, valeric, and iso-valeric acids) 
were determined every two days using gas chromatography equipped with flame-
ionization detector (GC-FID) (GC2014, Shimadzu, Japan) using a capillary column (ZB-
Wax Plus column, 30 m x 0.25 mm x 0.25 µm, Phenomenex, CA, USA). Helium was 
used as the carrier gas at a flow rate of 2 mL/min. The temperature was programmed to 
increase from 50oC to 180oC at a rate of 20oC/min, and held for 10 min, the split ratio 
was 20, the purge flow was 1 mL/min, and injector and detector temperatures were 250oC 
each. The samples for individual VFA analysis were first reduced to pH < 2 with 17% 
H3PO4 and then filtered through 2µm nylon filter tip to convert VFA to unionized from 
and remove residues, respectively. Dilution of VFA concentrations from added H3PO4 
was taken into account in final calculation. TS and VS were analyzed following Standard 
Method (APHA-AWWA-WEF, 2005). Fiber compositions (neutral detergent fiber 
(NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL)) were analyzed using 
a cell wall fractionation method (Faithfull, 2002) using the Fiber Analyzer (ANKOM 
200, ANKOM, NY, USA) with equations: hemicellulose = ADF-NDF; cellulose = ADL-
ADF, lignin = ADL; extractive = 1-NDF-Ash; ash=1-VS.   
For the carbon mass balance analysis, the carbon contents of influent (feedstock) and 
effluent (digestate) samples were achieved from total carbon content analysis (g C/g VS) 
at Agricultural Diagnostic Service Center, University of Hawai’i at Manoa; data of CH4 
and CO2 were converted from gas production at standard temperature and pressure (273 
K and 1 atm) using ideal gas law equation PV=nRT; data of “Biomass & Intermediates” 
representing unmeasured components were calculated from influent carbon (4.88 g C/day 
at OLR 5.0 g VS/L/day) minus carbon content from other components.  
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3.6 Microbial analyses 
Biomass samples from anaerobic and micro-aerobic conditions were collected from the 
reactor at OLR of 5 g VS/L/day. DNA was extracted using the PowerSoil DNA Isolation 
Kit (MO BIO Laboratories, Inc., Canada) as per the manufacturer’s instructions.  
The bacterial and methanogenic communities were investigated by targeting the 16S 
rRNA gene using 515F/806R primers and the methyl coenzyme-M reductase (mcrA) 
gene using mcrA3F/mcrA3R primers, respectively (Caporaso et al., 2012; Luton et al., 
2002). Sequencing was performed using the Illumina HiSeq2000 platform and sequence 
reads were processed using mothur (version 1.35.0) (Schloss et al., 2009). Chimeras were 
removed using UCHIME (Edgar et al., 2011). Bacterial 16S rRNA gene fragments were 
aligned against the SILVA database (release 123) (Pruesse et al., 2007) and mcrA gene 
fragments against a subset of FunGene database (Fish et al., 2013), resulting in 
taxonomic labels for each aligned fragment. 
 
3.7 Statistical analyses 
Statistical significance between 2 conditions was determined by analysis of variance 
(ANOVA). The post-hoc Tukey’s Honest Significant Difference (HSD) test was used to 
compare differences among 3 or more conditions. All statistical analyses were done on 
JMP software (JMP Pro Version 12.0, SAS Institute Inc., NC, USA) with p-value of 0.05. 
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Chapter 4 
Results and Discussion 
4.1 Performance of anaerobic reactor at increasing organic loading rates 
The anaerobic reactor was operated at incremental OLRs of 1.5, 3, and 5 g VS/L/day in 
triplicate experimental sets to record the reactor performance at stable operating 
condition. The stable operating condition is defined when there is no significant 
difference (p>0.05) in each parameter during 5 consecutive days. The effect of increasing 
OLRs on the performance of the anaerobic reactor in triplicate experiments is shown in 
Figure 4.1 and Table 4.1.  
4.1.1 Methane yield 
Stable operation was achieved at OLRs of 1.5 and 3 g VS/L/day with an average methane 
yield of 104.51 ± 5.87 and 101.86 ± 5.87 NmL/g VS added, respectively. As compared to 
the biochemical methane potential (BMP) of 124.68 ± 5.94 NmL/g VS added (Figure 
B.1), the methane production of the semi-continuous reactors at these two OLRs are 
relatively high (corresponded to 82-83% of BMP), indicating the good performance of 
the reactor. Methane production recorded in this study is in great agreement with AD 
reactors fed with Napier grass reported in literature (Sawatdeenarunat et al., 2018; 
Surendra and Khanal, 2014). The methane production, however, significantly reduced to 
80.95 NmL/g VS added (equivalent to 65% of BMP) at OLR of 5 g VS/L/day. Thus, the 
methane yield reduced by 20.5% as the OLR increased from 3 to 5 g VS/L/day, 
indicating the disturbances caused by overloading.  
The ratio of CH4/CO2 composition in biogas followed the same trend of methane yield, 
where reactors operated at OLR of 5 g VS/L/day has significantly lower CH4/CO2 ratio 
than that of the reactor during lower loading rates (1.5 and 3 g VS/L/day) (p<0.05). The 
CH4 composition in biogas at OLR 5 g VS/L/day dropped down as low as 37.5% v/v in 
biogas from the stable level of 45-50% at OLR 1.5 and 3 g VS/L/day. As the main 
product of AD processes, volume of methane production directly indicates performance 
of the digesters. However, methane yield, methane content, or CH4/CO2 ratio have 
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lagging response over reactor inhibition (organic overloading in this case) and not 
suitable as early warning indicators for process instability. The reduction in methane 
composition and methane yield at high OLR indicates inhibition of methanogens, likely 
due to the accumulation of VFA and drop in pH, which could be early detected before 
severe performance deterioration (Figure 4.1). 
4.1.2 pH 
pH of the reactors significantly decreased as the OLRs increased from 1.5 to 3 and to 5 g 
VS/L/day (p<0.05). Since the optimum pH range of a mixed-culture AD system is 
between 6.8 and 7.4 (Table 2.1), the reduction of pH to 6.73 ± 0.02 at OLR 5 g VS/L/day 
adversely impact the balance in activity of the microbial consortia, especially 
methanogens. This was the putative cause of reduction in CH4 content in biogas and 
methane yield at this high OLR as previously discussed. The responsiveness of pH to 
incremental OLRs, even before the significant reduction of methane yield make this 
simple yet robust parameter ideal for early inhibition detection and monitoring reactor 
performance. It is worth to note that throughout this stable operating condition of 3 
OLRs, no pH adjustment was made, contributing to the responsiveness of pH to 
increasing OLRs.    
4.1.3 Total VFA  
Similar to pH, the total VFA concentration significantly increased corresponding to the 
incremental OLRs (p<0.05). The accumulation of VFA in the reactors to 3.04 ± 0.14 g/L 
as acetate at OLR 5 g VS/L/day could explain the drop in pH below the optimum range at 
this condition. Data of total VFA from autotitrator was not different (p>0.05) than that 
from GC-FID analysis. This makes the application of this budget titration method for 
total VFA analysis ideal for monitoring and controlling small-scale AD plants especially 
in developing countries as pointed out by other studies (Feitkenhauer et al., 2002; Lahav 
and Morgan, 2004).  
The accumulation of total VFA in an AD system causes by the kinetic and energetic 
imbalance between VFA fermenters (hydrolytic/fermentative bacteria), VFA degraders 
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(syntrophic acetogenic bacteria) and methanogens (Table 2.2 and Table 2.3). 
Accumulation of VFA was found to effectively predict process imbalance and potential 
failure of AD reactors (Ahring et al., 1995; Kleyböcker et al., 2012; Pind et al., 2003). 
These researches also reported that the trend of total VFA concentration (accumulation) 
is more important to considered than their absolute concentrations, which could greatly 
vary depending on operational conditions (such as temperature, substrate types, reactor 
configuration, buffering capacity, or inhibitors concentration). Also, the VFA degradation 
pattern is equally important to monitor and control process performance, especially for 
reactors subjected to disturbances (Pind et al., 2003). As a result, pattern of VFA 
accumulation and degradation was applied as main monitoring parameter to evaluate 
reactors performances.  
4.1.4. VFA/ALK ratio 
The VFA/ALK ratio followed the same trend with total VFA concentration regardless of 
slight increase in total alkalinity at higher OLRs. The VFA/ALK ratio of reactors in this 
study was much higher than recommendation range of less than 0.2 (Table 2.1). At OLR 
of 3 and 5 g VS/L/day, the VFA/ALK ratio raised up to 0.55 and 1.07 ± 0.03, 
respectively. This ability of the AD system to operate at this high VFA/ALK ratio 
without failing could be due to the slow digestibility of recalcitrant Napier grass as sole 
substrate. Sugars were slowly released from the hydrolysis of hemicellulose and cellulose 
that allow VFA to be gradually fermented. As a result, the microbial community in the 
reactor could adapt to the high VFA environment and still producing methane at such 
high VFA/ALK ratio (Pind et al., 2003). Stable methane production at VFA/ALK ratio 
greater than 1 was also found in solid-state anaerobic co-digestion (Brown and Li, 2013; 
Wang et al., 2012). High solid content of reactors (up to 6.9% TS at OLR 5 g VS/L/day) 
that limit the mass transfer and could be another reason that allow microbes to operate at 
such high VFA concentration and VFA/ALK ratio.   
4.1.5. Individual VFA 
The VFA composition was mainly acetate and propionate at all 3 OLRs. At low OLR of 
1.5 g VS/L/day, acetate was the main VFA component (53.9% of total VFA) followed by 
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propionate (44.1% of total VFA). However, propionate became the most dominant VFA 
(50 to 59% of total VFA) at higher OLRs of 3 and 5 g VS/L/day with concentration of 
0.66 ± 0.12 and 1.7 ± 0.12 g/L, respectively. The accumulation of propionate was well 
reported as early warning indicator for reactor inhibition causing by organic overloading 
(Boe et al., 2010; Hansson et al., 2002; Nielsen et al., 2007; Ward et al., 2008). The 
degradation of propionate after unstable operating period was also found to be slowest 
comparing to other VFA, making it an ideal disturbance indicator (Pind et al., 2003). 
Additionally, the propionate to acetate ratio of greater than 1.4, originally proposed by 
(Hill et al., 1987) was also widely applied to indicate inhibition of AD reactors in recent 
researches (Goux et al., 2015; Wagner et al., 2014; Wang et al., 2012). In this research, 
the propionate to acetate ratio was at 3.2 at both OLR 3 and 5 g VS/L/day, indicating 
severe inhibition of syntrophic propionate-degrading bacteria.  
Acetate concentration in reactors at OLR 5 g VS/L/day was significantly higher than that 
at 2 lower OLRs. Thus, acetate accumulation is a symptom of reactor overloading that 
inhibits activity of methanogens (main acetate degraders). Raise in concentration of 
acetic acid together with drop in pH and reduction in methane yield or methane content 
acted as parameters indicating severe process instability from organic overloading and 
signal the beginning of failure period at OLR of 5 g VS/L/day.  
4.1.6. VS removal  
The VS removal of the reactor reduced from 60.7% to 51.3% and then to 37% as OLRs 
increased from 1.5 to 3 and to 5 g VS/L/day (Table 4.1). The increase of OLR affected 
the TS content of feed mixture and therefore increase the solid content in the reactor from 
2.65 to 6.88% TS at OLR 1.5 and 5 g VS/L/day, respectively. High solid content in the 
reactors at higher OLRs hindered the necessary contact between extracellular hydrolytic 
enzymes with cellulose and hemicellulose polymeric fibers (Shrestha et al., 2017). The 
deficiency in hydrolysis rate expressed in the reduction in VS removal percentage at 
higher OLRs. Even though the VS removal rate reacted proportionally with the increase 
in OLR, the analysis was tedious and results were only received after minimum 2 days of 
analysis. These drawbacks make this monitoring parameter unsuitable for early warning 
inhibition of the reactor.    
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4.1.7. ORP 
The average ORP (EAg) of the bioreactor reduced from -473 ± 4 mV at OLR 1.5 to stable 
level of -501 and -503 ± 4 mV at higher OLRs of 3 and 5 g VS/L/day, respectively. 
Converting to equivalent ORP values with SHE at pH 7 (Eh pH 7), the ORP of anaerobic 
reactors ranged from -274 to -305 ± 4 mV, which is in agreement with previous 
researches (Figure 2.4 and Table 4.3). Details about factors affecting ORP and 
conversions of ORP between different reference electrodes are available in Appendix A.   
4.1.8. Other parameters  
The total ammonia nitrogen (TAN) of reactors at all time were < 500 mg/L from 
periodical analyses. Due to the low total nitrogen content (0.77 ± 0.27 % TS) of Napier 
grass, the TAN in the reactor was stable and under the inhibition limit of 1,000 mg/L 
(Table 2.1) at all time. In addition, the hemicellulose and cellulose content in digested 
fibers were increased but not significantly different (p>0.05) at different OLRs (Table 
4.1). This could be explained by the homogenous mixing of digested fibers and fresh 
substrate in the reactors, making this parameter insensitive to the incremental OLRs. 
However, the decrease in substrate degradation at increasing OLRs was supported by the 
decreasing trend in VS removal rate, suggesting that at higher OLRs, the hydrolysis and 
organic degradation performance of the reactors were slowly deteriorated.  
4.2 Key monitoring parameters to estimate reactor performances 
Evaluating the response of different monitoring parameters to increases in OLRs, four 
parameters: pH, VFA/ALK, total VFA, and propionate were found to be most sensitive to 
the changes in OLR and serve as early warning indicator of reactor instability. Other 
parameters (methane yield, CH4/CO2 ratio, total alkalinity, acetate) were found to have 
lagging response to the organic overloading and only responsive when reactors 
experienced instability at OLR 5 g VS/L/day.  
In conclusion, pH, VFA/ALK ratio, total VFA, and propionate were selected as key 
monitoring parameter to estimate reactor performance. Methane yield and acetate were 
useful to monitor methanogens inhibition especially during unstable period. Hence, the 
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performance of the ORP-based micro-aeration system on recovering process stability at 
high OLRs of 5 g VS/L/day were evaluated based on these key parameters.  
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Figure 4.1 Reactors performance at increasing organic loading rates.  
Note: Data shown as mean value with error bar represents standard error of triplicated 
experiments with 5 measurements for each parameter at stable operating condition (n=15 
for each condition). Data connected by different letters are significantly different from 
post-hoc Tukey’s test (p-value < 0.05). Left axis reads data in column format and right 
axis reads data in marked line format. Detail results are presented in Table 4.1. 
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Table 4.1 Reactors performance at increasing organic loading rates 
 Organic loading rates (g VS/L/day) 
 1.5 3 5 
 Mean SE L Mean SE L Mean SE L 
pH 6.97 0.02 a 6.86 0.02 b 6.73 0.02 c 
ORP (mV-EAg) -473 4 a -501 4 b -503 4 b 
ORP (mV-Eh pH 7) -274 4 a -303 4 b -305 4 b 
Methane yield 
(NmL/gVS added) 
104.51 5.87 a 101.86 5.87 a 80.95 5.87 b 
CH4/CO2 ratio 1.27 0.03 a 1.22 0.03 a 1.03 0.03 b 
Total VFA  
(g /L as HAc) 
0.32 0.16 c 1.13 0.12 b 3.04 0.14 a 
Total alkalinity (g/L 
as CaCO3) 
2.02 0.17 b 2.04 0.12 b 2.87 0.14 a 
VFA/ALK ratio 0.15 0.04 c 0.55 0.03 b 1.07 0.03 a 
Acetate (g/L) 0.11 0.09 b 0.21 0.08 b 0.53 0.07 a 
Propionate (g/L) 0.09 0.13 c 0.66 0.12 b 1.70 0.12 a 
isoButyrate (g/L) 0.001 0.01 c 0.15 0.01 b 0.21 0.01 a 
Butyrate (g/L) 0.003 0.01 c 0.13 0.01 b 0.17 0.01 a 
isoValerate (g/L) 0.00 0.00 c 0.17 0.00 b 0.27 0.00 a 
VS removal (%) 60.74 4.25 a 51.33 2.92 b 36.95 3.81 c 
Digestate TS (%) 2.65 0.57 c 5.38 0.44 b 6.88 0.47 a 
Digestate 
hemicellulose 
(%TS) 
22.77 0.47 a 24.33 0.47 a 23.19 0.47 a 
Digestate cellulose 
(%TS) 
51.14 0.85 a 53.26 0.85 a 55.44 0.85 a 
Note: SE: standard error. L: level (Tukey’s HSD test, p-value < 0.05), different letters 
represent significant different groups, with highest value in group “a” and lowest in group 
“c”. The darker the shading represents values further away from optimum range, 
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indicating signs of inhibition. Data from triplicated experiment with 5 measurements of 
each parameters at stable operating condition (n=15 for each condition). Valerate was not 
detected in all conditions.    
4.3 Reactor instabilities and recoveries upon ORP-based micro-aeration 
At OLR of 5 g VS/L/day, severe deteriorate in reactor performances indicated instability 
due to organic overloading. After the stable period reported in Table 4.1, the performance 
of reactors in all 3 replicated experiments began to deteriorate, indicated by key 
monitoring parameters identified in the previous section. Specifically, pH sharply 
plunged below 6.0, VFA/ALK ratio rapidly raised above 2 and up to 4 at some points, 
total VFA accumulated to over 9 g/L as HAc, and propionate exceeded 4 g/L in anaerobic 
reactors operated at OLR 5 g VS/L/day. Other parameters also showed signs of potential 
reactor failure, such as methane yield was recorded as low as 5 NmL/g VS added, CH4 
content was lower than 25% in biogas, and acetate concentration increased as high as 5 
g/L.  
All three reactors were on the verge of failure regardless of multiple alkalinity adjustment 
attempts, which provided only transient pH control (Figure 4.2, 4.3, and 4.4). 
Traditionally, under this circumstance, the substrate feeding need to be stopped and 
alkalinity need to be added to raise pH and buffering capacity of the reactor to facilitate 
the excess VFA consumption by methanogens. The cessation of the substrate feeding line 
and high cost of chemicals caused great logistic and economic impacts on the digesters. 
To solved this intrinsic problem of AD processes, we developed the ORP-based micro-
aeration control system that allows the reactor to continue operate at the same OLR while 
quickly recovered to stable operating condition without the need for chemical addition. In 
the next sections, the performance of the ORP-based micro-aeration system in recovering 
reactor performance was evaluated in 3 replicated experiments.  
4.3.1. The first replicated experiment 
The bioreactor in the first experiment experienced instability from days 20 to 40 as the 
total VFA had increased to > 9 g HAc/L, the VFA/ALK ratio was > 2.0, and the pH had 
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dropped to < 5.5, resulting in a reduction in the methane yield as low as 10 NmL/g VS 
regardless of attempts to stabilize the bioreactor through alkalinity supplementations 
(Figure 4.2). Addition of NaHCO3 could temporally raise the pH to 7 but has no effect on 
halting VFA accumulation and recover methane production. Thus, after stop alkalinity 
addition, the buffering capacity quickly depleted and unable to maintain neutral pH.  
To overcome this limitation, the intermittent (24 h every other day) ORP-controlled 
micro-aeration operation was started on day 41.  Within 12 days, the total VFA 
concentration decreased from 7.9 to 3 g HAc/L and the acetic acid concentration dropped 
from 4 g/L to less than 0.7 g/L with a concomitant increase in methane yield from 40 to 
114 NmL/gVS.  Compared to reactor under anaerobic condition, the total VFA reduced 
by 69% resulted in 303% enhance in methane yield under ORP-based micro-aerobic 
condition (Table 4.3). All other important parameters stabilized as well (Figure 4.2), 
suggesting a full recovery of the bioreactor.  
Intermittent micro-aeration was achieved by controlling the ORP at a setpoint of -470 
mV (+25 mV above the anaerobic baseline ORP of -495 mV) for a 24 h period, followed 
by a 24 h period without micro-aeration. The ORP levels varied from an average of -468 
± 4 mV to an average of -522 ± 12 mV, during days with and without micro-aeration, 
respectively, indicating a rapid exhaustion of residual DO and a switch back to typical 
anaerobic conditions once stopping micro-aeration. The ORP levels during anaerobic and 
micro-aerobic conditions were in close agreement with those in previous studies (Jenicek 
et al., 2011; Khanal and Huang, 2006). Thus, intermittent ORP-based micro-aeration 
allows for recovery from the verge of failure without supplementation of alkalinity and/or 
reducing the OLR.   
4.3.2. The second replicated experiment 
The duplicated experiment was performed to test the repeatability of the ORP-controlled 
micro-aeration system in controlling VFA and reactor stability. Similar trend of total 
VFA accumulation up to 10.9 g/L as HAc, resulted in methane yield as low as 5 NmL/g 
VS added at one point (Figure 4.3). On day 18, pH of the reactor felt below 5.5 and the 
VFA/ALK ratio raised over 4:1. This acidosis condition severely inhibited methanogens, 
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indicated by low CH4 content in biogas (20% v/v) with accumulation of both acetate and 
H2 (substrates of methanogens). From day 18 to day 40, multiple efforts to adjust pH and 
buffering capacity in the reactor were performed. Methane content in biogas was slightly 
recovered, resulting in slight increase in methane yield; however, total VFA 
concentration continue to steadily raise nonetheless.  
On day 41, micro-aeration system was initiated by injecting oxygen into the reactor to 
maintain the average ORP of -450 mV (+25 mV from -475 mV, baseline ORP during 
anaerobic condition). Immediately, reductions of all 3 main VFA (acetate, propionate, 
and butyrate) were recorded, with acetate being the consumed at the fastest rate (0.25±0.1 
g/day). After 15 days of intermittent micro-aerobic condition, total VFA reduced by half, 
from 10.9 to 5.2 g/L as HAc and stabilized after that.  
From day 57 to 71, ORP set-point was increased to -425 mV (+50 mV from baseline 
ORP of -475 mV). This elevated ORP set point has negative effect on the performance of 
the reactor, causing slight accumulation of acetate during this period. This could be due 
to over aeration during this condition that inhibit strict anaerobic methanogens, resulted 
in the increase in acetate. Reduction in methane production at elevated ORP of higher 
than +50 mV compared to anaerobic ORP was also previously reported, possibly caused 
by excess substrate aerobic oxidation (Khanal and Huang, 2003). The effect was 
reversible after ORP set point for intermittent micro-aeration was reduced to -450 mV (+ 
25 mV from baseline ORP) and the reactor stabilized until the end of the experiment. At 
the end of the experiment, acetate, propionate, and butyrate concentration was 
respectively reduced by 71.8%, 32.4%, and 91.9% compared to concentrations on day 40, 
prior to micro-aeration.  
4.3.3. The third replicated experiment 
The third replicated experiment validated the performance of the ORP-based micro-
aeration process control system in reducing accumulated VFA and stabilizing AD of 
lignocellulosic biomass at organic overloading condition. During anaerobic condition, the 
total VFA concentration accumulated up to 9.6 g/L as HAc with acetate as the main 
component at 5.6 g/L (58% of total VFA). Upon intermittent micro-aeration by 
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controlling ORP level at -475 mV (+25 mV above anaerobic baseline ORP of -500 mV), 
the build-up VFA were quickly reduced to maintain stable pH and VFA/ALK ratio 
without addition of alkalinity. After 14 days of intermittent ORP-based micro-aeration, 
the total VFA concentration reduced to stable level of 2.5 g/L as HAc, with 92%, 44.9%, 
and 88.5% reduction in acetic, propionic, and butyric acid, respectively. On day 66, the 
micro-aeration was stopped and the ORP returned to anaerobic baseline level of -508 ± 3 
mV. Under anaerobic condition, the bioreactor experienced accumulations of VFA again, 
indicating the intrinsic instability of AD at high OLR and merits of the micro-aeration 
process in controlling low VFA accumulation and overall stability of the process.  
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Figure 4.2 Reactors performance in anaerobic and ORP-controlled micro-aerobic 
condition at OLR 5 g VS/L/day in first replicated experiment.  
Note: The monitoring period is trimmed to 40 days before and after the micro-aeration 
initiation. The long-term performance of this reactor is presented in Figure B.2.  
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Figure 4.3 Reactors performance in anaerobic and ORP-controlled micro-aerobic 
condition at OLR 5 g VS/L/day in second replicated experiment.  
Note: The monitoring period is trimmed to 40 days before and after the micro-aeration 
initiation. The long-term performance of this reactor is presented in Figure B.3 
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Figure 4.4 Reactors performance in anaerobic and ORP-controlled micro-aerobic 
condition at OLR 5 g VS/L/day in third replicated experiment.  
Note: The monitoring period is trimmed to 40 days before and after the micro-aeration 
initiation. The long-term performance of this reactor is presented in Figure B.4 
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4.3.4. Overall performance of the ORP-based micro-aeration system 
Considering data from triplicated experiment, statistical analysis confirmed that the ORP-
based micro-aeration process control system significantly reduced all types of VFA 
concentration, maintained pH and VFA/ALK ratio at desirable range, and recovered 
methane yield and VS reduction of the bioreactors (Figure 4.5, Table 4.2).  
The study shown that alkalinity supplementation could not control the stable performance 
of AD reactors at high OLR and eventually led to severe process inhibition caused by 
over accumulation of VFA. The ORP-based micro-aeration in this study demonstrated 
rapid and reliable ability to recover the reactor from the verge of failure without the need 
of supplementing alkalinity or reducing OLR.   
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Figure 4.5 Comparison of reactor performances at anaerobic and ORP-based micro-
aerobic condition.  
Note: Data shown as mean and standard error from triplicated experiments with 5 
measurements of each parameters (n=15 for each condition). All data were significant 
different between anaerobic and micro-aerobic condition (ANOVA test, p<0.001).  
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Table 4.2 Reactors performance at OLR 5 g VS/L/day during different stages 
 Stages of reactors at OLR 5 g VS/L/day 
 Anaerobic stable Anaerobic unstable Micro-aerobic 
 Mean SE L Mean SE L Mean SE L 
pH 6.73 0.12 b 6.43 0.12 c 6.98 0.12 a 
ORP (mV-EAg) -503 5 b -465 5 a -463 5 a 
ORP (mV-Eh pH 7) -318 12 c -297 12 b -263 12 a 
Methane yield 
(NmL/gVS added) 
80.95 2.83 a 22.9 2.83 b 80.84 2.83 a 
CH4/CO2 ratio 1.03 0.04 a 0.72 0.04 b 1.10 0.04 a 
CH4 (% v/v) 47.41 2.59 a 31.22 2.59 b 47.06 2.59 a 
CO2 (% v/v) 46.76 4.20 a 46.01 4.20 a 42.95 4.20 a 
O2 (% v/v) 1.17 1.09 b 2.10 1.09 a 1.99 1.09 ab 
Total VFA  
(g /L as HAc) 
3.04 0.46 b 7.39 0.42 a 3.23 0.40 b 
Total alkalinity (g/L 
as CaCO3) 
2.87 0.41 b 3.89 0.37 a 3.49 0.35 ab 
VFA/ALK ratio 1.07 0.22 b 2.17 0.19 a 0.93 0.18 b 
Acetate (g/L) 0.53 0.20 b 2.77 0.20 a 0.67 0.2 b 
Propionate (g/L) 1.70 0.21 b 2.44 0.21 a 1.81 0.21 b 
isoButyrate (g/L) 0.21 0.02 a 0.17 0.02 b 0.09 0.02 c 
Butyrate (g/L) 0.17 0.07 b 0.94 0.07 a 0.12 0.07 b 
isoValerate (g/L) 0.27 0.03 a 0.25 0.03 a 0.03 0.03 b 
Valerate (g/L) 0.09 0.03 b 0.13 0.03 a 0.05 0.03 c 
VS removal (%) 36.95 2.00 a 18.24 2.30 b 45.28 3.48 a 
Digestate TS (%) 6.88 0.55 b 10.89 0.55 a 8.88 0.58 a 
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Note: Anaerobic stable stage: first 5 days of anaerobic condition; anaerobic unstable 
stage: last 5 days of anaerobic condition (prior to micro-aeration started); micro-aerobic 
stage: last 5 days of micro-aerobic condition. SE: standard error. L: level (Tukey’s HSD 
test, p-value < 0.05), different letters in each row represent significant different groups, 
with highest value in group “a” and lowest value in group “c”. The darker the shading 
represents values further away from optimum range, indicating signs of inhibition. Data 
from triplicated experiment with 5 replicate measurements of each parameters at stable 
operating condition (n=15 for each condition).  
Table 4.3 Comparison on effects of micro-aeration on VFA concentration and methane 
yield in different studies 
Main 
purpose 
Anaerobic 
ORP 
(mV) 
Micro-
aerobic 
ORP 
(mV) 
Effect 
on total 
VFA 
Effect on methane 
yield 
Reference 
H2S removal -300 to  
-290  
-275 to  
-265  
NA -15.5% (1g/L SO42-) 
-6.2% (3 g/L SO42-) 
+ 45.9% (6g/L SO42-) 
(Khanal et 
al., 2003) 
H2S removal -280   -230  NA - 66.7% (1g/L SO42-) 
+56.3% (5 g/L SO42-) 
(Khanal 
and Huang, 
2003) 
 H2S removal -280 -180 NA -96.3% (1g/L SO42-) 
+57.9% (5 g/L SO42-) 
(Khanal 
and Huang, 
2003) 
Enhance 
sludge 
quality 
-347 -307 NA -3.7% (Jenicek et 
al., 2014) 
Enhance 
hydrolysis 
-97 -100 +43% NA (Lim et al., 
2014) 
Enhance 
hydrolysis 
-97 -172 +32% NA (Lim et al., 
2014) 
Enhance 
hydrolysis 
and methane 
-253 to  
-270 
-220 to  
-278 
+300%  +21% (Lim and 
Wang, 
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yield 2013) 
Reduce VFA 
concentration 
-295 -268 -69.7% +303% This study 
(Rep. 1) 
 -275 -249 -33.8% +300% This study 
(Rep. 2) 
 -300 -275 -64.5% +157% This study 
(Rep. 3) 
Note: ORP values with SHE reference electrode (Eh). Reduction (-) and increase (+) in 
total VFA concentration and methane yield comparing micro-aerobic to anaerobic 
condition. Data in this study from triplicated experiment with 5 replicate measurements 
of each parameters at stable operating condition (n=15 for each condition). NA: not 
available. 
4.4 Controlling ORP through micro-aeration in the AD process 
In this study, micro-aerobic conditions were maintained via ORP-controlled micro-
aeration at a target ORP of +25 mV above the baseline ORP of an anaerobic bioreactor. 
For instance, the micro-aerobic ORP was controlled at -470 mV, -450 mV, and -475 mV 
in the first, second, and third set of experiment, respectively. The daily average ORP was 
precisely controlled at desired value (< 2 mV off set from set point) by injecting oxygen 
when ORP level felt 10 mV below the target value (Figure 4.6). The injected oxygen 
promptly spiked up the ORP to approximately 10 mV above the target value, which then 
prompted the solenoid valve to close thereby stopping the micro-aeration. Hence, a 
uniform ORP profile oscillating between 10 mV below and above the target ORP was 
obtained (Figure 4.6). 
To reduce accumulated VFA, controlling ORP (EAg) at -475 and -470 mV (Eh =-275 to -
270 mV) showed greater performance than the more oxidative ORP micro-environment 
at -450 mV (Table 4.3). Also, elevated ORP at -425 mV (i.e. +50 mV above the baseline 
anaerobic level) in the second experiment caused slight increase in acetate concentration 
in the reactor (Figure 4.3). This was putatively resulted from the overdosing of oxygen at 
micro-aeration rate of 477 ± 222 mL O2/day at elevated ORP of -425 mV, as compared to 
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only 102 ± 59 mL O2/day at ORP setpoint of -450 mV (Figure 4.7). This surplus amount 
of supplied oxygen might not be completely consumed by facultative bacteria and hence 
inhibited the activity of anaerobic aceticlastic methanogens; however, the overall 
methane yield did not show sign of reduction during this period.   
In addition, the ORP-controlled micro-aerobic condition was maintained during 24 h 
followed by 24 h of uncontrolled ORP. During this uncontrolled ORP day, the ORP 
quickly reduced to -508 to -522 mV, indicating the anaerobic condition and rapid 
depletion of oxygen once micro-aeration stopped. However, in the second replicated 
experiment, the uncontrolled ORP remained relatively high at -466 ± 11 mV (Figure 4.3). 
Previous studies (Table 4.3) also mentioned that micro-aeration at elevated ORP of +50 
and +100 mV from anaerobic baseline ORP could resulted in methane yield reduction 
due to excess aerobic respiration by facultative heterotrophs. This was probably due to 
higher oxidative micro-environment that was unfavorable for co-existence of facultative 
bacteria and anaerobic methanogens (Liu et al., 2013). Thus, 24 h cycle intermittent 
micro-aeration controlled at ORP of +25 mV above anaerobic ORP level was sufficient 
to control the VFA concentration and stabilizing process performance.  
Intermittent aeration with fluctuating ORP was previously applied for nitrogen removal 
by creating sequential anoxic-aerobic cycles (Lackner et al., 2012; Ma et al., 2017; Shi et 
al., 2013). Controlling specific ORP level was also studied to increase yield of specific 
anaerobic and aerobic fermentation products (Liu et al., 2013). This is the first study that 
shows ORP-controlled micro-aeration could reduce VFA accumulation and enhance 
methane yield, likely by creating condition for both niches of facultative bacteria and 
anaerobic methanogens.  
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Figure 4.6 The ORP profile of bioreactor 1 under anaerobic uncontrolled ORP and 
intermittent ORP-controlled micro-aerobic condition.  
Note: Daily average ORP of uncontrolled ORP (open circles) and controlled ORP (closed 
circles) (A); ORP profile at micro-aerobic condition for three days (day 41-43 in section 
A): cycle of 24 h micro-aeration followed by 24 h pause (B); ORP profile at micro-
aerobic condition for one day (day 1 in section B) with data recorded every 10 min, ORP 
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controller setpoint: value at which solenoid valve open to start injecting oxygen, average 
ORP setpoint: target ORP value (C).  
 
Figure 4.7 Micro-aeration intensity of 3 reactors during ORP-based micro-aerobic 
conditions. 
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4.5 Mass balance of reactors during anaerobic and micro-aerobic condition 
The results of carbon mass balance in reactors before and after micro-aeration indicate 
that micro-aerobic condition enhanced carbon recovery through lignocellulosic 
degradation and VFA conversion. Specifically, the digestate from reactors during micro-
aerobic condition consisted of 2.84 ± 0.13 g carbon, which was significantly lower 
(p<0.05) than 3.66 ± 0.13 g carbon in the digestate without micro-aeration (Figure 4.8). 
Examination from SEM pictures showed clear contrast between the smooth surface of 
raw Napier grass with rough surface of partially digested fibers from AD reactors under 
anaerobic and micro-aerobic condition (Figure 4.9). Visually, the fiber structure of micro-
aerobic digested grass was disrupted more than fibers taken from reactor under anaerobic 
condition, suggesting a higher hemicellulose and cellulose degradation upon micro-
aeration. Fiber analyses were therefore performed to confirm this hypothesis. Results 
showed that the digestate from reactors during micro-aerated condition consisted 
significantly lower hemicellulose content than in the digestate before micro-aeration 
(Table 4.4). This information was further supported by the increase in VS reduction from 
18.24% during anaerobic unstable period to 45.28% after micro-aeration was initiated 
(Table 4.2). 
The ability to promote degradation of hemicellulose in lignocellulosic biomass suggests 
that micro-aeration can be used as a strategy to facilitate hydrolysis of difficult to degrade 
AD substrates. In recent years, micro-aeration was successfully applied as biological pre-
treatment method to enhance hydrolysis of recalcitrant substrates that speed up this rate 
limiting step of AD processes (Fu et al., 2014, 2016; Lim and Wang, 2013; 
Sawatdeenarunat et al., 2017). The unanimous results from these studies proved that 
micro-aeration promoted the excretion of extracellular hydrolytic enzymes to increase the 
hydrolysis of various substrates, resulted in more soluble substrate availability and 
methane production. Thus, results from this research provide important additional 
information that proved enhancing hydrolysis using micro-aeration could be possible in 
semi-continuous mix-cultured CSTRs.     
 
 
85 
This increase in substrate degradation resulted in higher soluble substrate for microbial 
community and therefore significantly improved biogas production volume and therefore 
carbon recovery in the forms of CO2 and CH4 (Figure 4.8). In addition, the removal of 
accumulated VFA stabilized pH of the reactors and instantly recovered activities of 
methanogens, resulted in significant enhancement in CH4 (p<0.005). As a result, the ratio 
of CH4/CO2 in biogas was recovered from 0.7 to 1.1 ± 0.04 after micro-aeration. 
However, under the effect of micro-aeration, only the CH4 content in biogas was 
increased (p<0.05), but not the CO2 composition (p>0.05) (Table 4.2). This finding 
suggests that the ORP-based intermittent micro-aeration created an environment for 
hydrogenotrophic methanogens to utilized the excess CO2 produced from the aerobic 
oxidation of VFA by facultative heterotrophs. Hence, we hypothesized that the niches of 
facultative heterotrophs and anaerobic methanogens could work together in such ORP 
controlled environment to convert excess VFA into CO2 and then to CH4, resulted in a 
stable performance even at high OLR.  
 
Figure 4.8 Carbon mass balance during anaerobic and micro-aerobic conditions.  
Note: Data present as mean value and standard error of triplicated samples from 3 
replicated experiments (n=9 for each condition). Significant difference from ANOVA test 
with p<0.05 (*) and p<0.005 (**). 
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Figure 4.9 Scanning electron microscope (SEM) pictures of raw Napier grass feedstock 
(A), digested fibers from the first reactor under anaerobic (B) and micro-aerobic 
condition (C). 
Table 4.4 Carbon mass balance and digested fiber composition at anaerobic and micro-
aerobic condition.  
 Components Anaerobic Micro-aerobic p-value 
Carbon mass 
balance 
(g C/day) 
Digestate 3.66 ± 0.13 2.84 ± 0.13 0.011* 
CH4 0.18 ± 0.03 0.46 ± 0.03 0.004** 
CO2 0.26 ± 0.03 0.41 ± 0.03 0.017* 
Biomass & 
Intermediates 
0.79 ± 0.10 1.17 ± 0.10 0.054 
Digested fiber 
composition 
(%TS) 
Hemicellulose 22.96 ± 0.59 22.41 ± 0.59 0.003** 
Cellulose 55.15 ± 0.47 54.22 ± 0.47 0.058 
Acid detergent lignin 7.64 ± 0.35 8.35 ± 0.35 0.239 
Extractive 9.05 ± 0.71 9.40 ± 0.71 0.500 
Ash 5.20 ± 0.20 5.61 ± 0.20 0.167 
Note: For each condition, carbon mass balance data present as mean ± standard error 
(n=9), digested fiber composition data present as mean ± standard error (n=6).  
Significant difference from ANOVA test with p<0.05 (*) and p<0.005 (**). 
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4.6 Bioenergetics of anaerobic and micro-aerobic VFA conversion pathways  
To better understand the mechanisms of VFA conversion, thermodynamic calculations 
were performed for micro-aerobic and anaerobic conditions in 3 replicated reactors 
(Figure 4.10, Table 4.5). As expected, results show that the Gibbs free energies 
associated with complete VFA oxidation to CO2 using O2 as the electron acceptor (∆G’ = 
-92.1 to -88.2 kJ/e-) were much higher than those for incomplete VFA fermentation 
coupled with proton reduction (∆G’R = -14.8 to 5.0 kJ/e-). The calculations show that 
under both standard condition and actual reactors conditions, the VFA aerobic oxidation 
reaction are much more thermodynamically desired over anaerobic fermentation of VFA 
that need to work in syntrophy with hydrogenotrophic methanogens (Table 4.5). Taken 
together, these results suggest that facultative anaerobes switched from anaerobic 
fermentation to the more thermodynamically and kinetically favorable aerobic respiration 
(Table 2.3, Table 4.5). The availability of O2, even at very low concentrations, can 
redirect the metabolism of facultative bacteria towards the more energetically favorable 
aerobic respiration pathway by regulating expression of aerobic metabolism related genes 
(Forster and Gescher, 2014; Morris and Schmidt, 2013). Thus, VFA produced during the 
24 h without micro-aeration were likely consumed by facultative heterotrophs when 
micro-aeration was provided, resulting in low VFA concentrations during the period with 
intermittent micro-aeration. While alkalinity addition during anaerobic operation only 
caused transient relieve of inhibition for methanogens, intermittent micro-aeration 
effectively reduced VFA by promoting their aerobic oxidation by facultative 
heterotrophs.  
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Figure 4.10 Thermodynamic comparison of VFA consumption pathway under micro-
aerobic and anaerobic condition.  
Note: Gibbs free energy change (∆Go’) of aerobic reactions as function of ORP (A) and 
anaerobic reactions as function of H2 partial pressures (B). Legends are stoichiometric 
equations with the number of electron transferred in parentheses. Calculations were 
performed according to (Thauer et al., 1977) with all reactions in the aqueous phase and 
based on conditions on day 40 (immediately before micro-aeration began), indicated by 
orange vertical lines with the number represents the 1st, 2nd and 3rd replicated experiment.  
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Table 4.5 Thermodynamic of reactions in reactors at anaerobic and micro-aerobic 
condition 
  
∆Go’ 
(kJ/e-) 
∆G’ (kJ/e-) 
No. Reactions  R1 R2 R3 
Anaerobic condition 
Valerate + 3 H2O = 2.5 Acetate + 3 H2 + 1.5 H+ 20.88 -10.85 -13.61 -10.02 
Butyrate + 2 H2O = 2 Acetate + 2 H2 + H+ 20.87 -11.05 -13.99 -10.73 
Propionate + 1 H2O = 1.5 Acetate + H2 + 0.5 H+ 20.90 -10.99 -14.75 -10.03 
Acetate + H++ 2 H2O = 2 CO2 + 4 H2 22.69 4.57 2.24 4.99 
Micro-aerobic condition 
Valerate + H+ + 6.5 O2 = 5 CO2 + 5 H2O -109.19 -91.72 -92.14 -91.42 
Butyrate + H+ + 5 O2 = 4 CO2 + 4 H2O -109.14 -91.29 -91.73 -91.10 
Propionate + H+ + 3.5 O2 = 3 CO2 + 3 H2O -109.03 -90.38 -90.91 -90.10 
Acetate + H+ + 2 O2 = 2 CO2 + 2 H2O -108.78 -88.16 -88.48 -87.96 
2 H2 + O2 = 2 H2O -131.46 -92.73 -90.73 -92.94 
Methanogenesis 
Acetate + H+ = CO2 + CH4 -1.42 0.60 0.81 0.58 
CO2 + 4 H2 = 2 H2O + CH4 -24.10 -3.97 -1.43 -4.40 
Note: Change in Gibbs free energy at standard condition (25oC, pH 7, 1 M and 1 atm) 
(∆Go’, kJ/electron equivalent) and at reactors condition on day 40 prior to the start of 
micro-aeration (∆G’, kJ/electron equivalent) were calculated as described in (Dolfing, 
2015; Thauer et al., 1977) with all components in the aqueous phase.  
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4.7 Changes in microbial community structure under the effect of ORP-controlled 
micro-aeration 
Bacterial and archaea community structure was constructed by sequencing bacterial 16S 
rRNA gene and mcrA gene, respectively and the results are shown in Figure 4.11 and 
Table B.1. Bacterial community structure of reactor under anaerobic condition consisted 
of 4 main phyla Bacteriodetes, Firmicutes, Proteobacteria, and Spirochaetae with 39%, 
21% 7%, and 2% of total sequence reads, respectively. There are total of 25 bacterial 
operational taxanomic unit (OTUs) with relative abundance at genus level > 1% of the 
total sequence reads. Among them, 9 OTUs belong to Bacteriodetes, 11 OTUs are 
Firmicutes, 4 OTUs are Proteobacteria, and 1 belong to Spirochaetae. Bacteria affiliated 
to Bacteriodetes and Firmicutes, with relative abundance of 39% and 21%, respectively, 
were also found as dominant groups in AD reactors fed with lignocellulosic biomass (Fu 
et al., 2014; Sundberg et al., 2013). Metaproteomic studies also confirmed that Fimicutes 
and Bacteroidetes phylum are responsible for the hydrolysis and fermentation of 
hemicellulose, cellulose and other polysaccharides, while Proteobacteria are mainly 
glucose and VFA utilizing bacteria (Ariesyady et al., 2007; Hanreich et al., 2013).   
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Figure 4.11 Bacterial community structure (A) and archaeal community structure (B) 
without (day 21) and with intermittent ORP-controlled micro-aeration (day 71) in reactor 
1 (Figure 4.2). 
Note: Details of relative abundance and potential function of identified OTUs are 
presented in Table B.1 
Bathyarchaeota
B
Bathyarchaeota
Bathyarchaeota
A
Micro-aerobicAnaerobic
 
 
92 
The dominant OTUs before and after initiation of micro-aeration were found to be 
facultative anaerobes (Table B.1).  The relative abundance of OTUs representing the 
genus Proteiniphilum increased from 21.2% to 44.3% after implementing micro-aeration 
(Figure 4.11 and Table B.1). In addition, there are no syntrophs among dominant OTUs 
(relative abundance >1% at genus level) in reactors under both conditions, suggesting the 
lack of syntrophic acetogenesis. This microbial data further confirmed the hypothesis 
suggested by reactor performance and thermodynamic calculations that facultative 
bacteria were likely to aerobic oxidized VFA under ORP-controlled micro-aerobic 
condition, bypassing the thermodynamic constrained syntrophic acetogenesis pathway.  
Intermittent ORP-based micro-aeration created aerobic niches for VFA conversion by 
facultative microbes, it also promoted methanogenesis as shown by the increased 
production of methane (Figure 4.2, Figure 4.3, and Figure 4.4). Even though the 
accumulated VFA were likely oxidized to CO2 through aerobic respiration during micro-
aeration, there was no significant change (p>0.05) in the CO2 content of the biogas (Table 
4.2), suggesting that CO2 was reduced to CH4 using H2 as the electron donor. Archaeal 
community analysis from mcrA gene sequencing confirmed this hypothesis by showing 
that all methanogens identified (Methanosarcina, Methanobacterium, and 
Methanospirillum) in reactors under both anaerobic and micro-aerobic condition can 
perform hydrogenotrophic methanogenesis (Table B.1). Some species of these 
methanogens can produce antioxidative enzymes, allowing them to survive under 
oxidative stress condition (Brioukhanov et al., 2006; Horne and Lessner, 2013). 
Dominant of hydrogenotrophic methanogens in was previous mentioned in various 
micro-oxic environments, such as in flooding rice field soils (Liu and Whitman, 2008) or 
micro-aerated AD reactor (Fu et al., 2016).  
While H2 oxidation with O2 to H2O (∆G’ = -92.7 kJ/e-) is thermodynamically more 
favorable than H2 reduction to CH4 (∆G’ = -4.0 kJ/e-), the supplied O2 was likely 
completely consumed during VFA oxidation, leaving the available H2 for 
hydrogenotrophic methanogens. Although the Gibbs free energies for aerobic oxidation 
of VFA and H2 are comparable (∆G’ = -88.2 to -92.7 kJ/e-), the fast-growing facultative 
heterotrophs (µm = 13.2 day-1) had an advantage in the presence of excess VFA over the 
 
 
93 
slow-growing H2-oxidizing bacteria (µm = 10.1 day-1) with limited H2 availability (Table 
2.3). Consistent with this, OTUs associated with facultative heterotrophs accounted for 
44.3% of the total bacteria while H2-oxidizing bacteria were not detected among the 
dominant OTUs (Table B.1).  
With the intermittent ORP-controlled micro-aeration, increase in H2 and CO2 productions 
from enhanced fermentation and VFA aerobic oxidation, respectively (Figure 4.8), 
created a reaction quotient to thermodynamically favor hydrogenotrophic methanogenesis 
(Dykstra and Pavlostathis, 2017). Besides, rapid conversion of accumulated VFA during 
micro-aeration could also rejuvenated aceticlastic methanogenesis as supported by the 
high relative abundance of OTUs representing genus Methanosarcina (Figure 4.11 and 
Table B.1). Dominant of Methanosarcina in reactors could be explained by their robust 
under high VFA and oxidants concentrations condition and ability to produce methane 
from both acetate and H2 + CO2 (De Vrieze et al., 2012; Horne and Lessner, 2013). 
Increase in relative abundance of oxytolerant methanogens Methanosarcina in micro-
aerobic reactor was also mentioned in other research as archaea adaptation mechanism to 
micro-oxic environment (Fu et al., 2016). Therefore, intermittent ORP-controlled micro-
aeration provided O2 as the limiting electron acceptor for facultative heterotrophs 
allowing partial consumption of VFA while maintaining an environment suitable for 
aceticlastic and hydrogenotrophic methanogens.  
4.8 Proposed metabolic pathway of lignocellulosic biomass digestion via 
intermittent ORP-based micro-aerobic condition 
ORP-controlled intermittent micro-aeration promoted degradation of lignocellulosic 
biomass and VFA conversion bypassing syntrophic acetogenesis by facultative bacteria 
while conserving crucial anaerobic niches for aceticlastic and hydrogenotrophic 
methanogenesis. The resulting balance between anaerobic and facultative microbes 
allowed for stable operation at high OLR. Combining reactor performance results, mass 
balance analyses, microbial community characterization data, and a bioenergetics 
evaluation, we propose a methane producing pathway from lignocellulosic biomass at 
high OLR under intermittent ORP-controlled micro-aerobic condition as illustrated in 
Figure 4.12. Metatranscriptomic analyses to evaluate specific transcriptional activities 
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during anaerobic and aerobic respiration of this complex microbial community are 
needed to confirm the proposed pathway. This newly identified operational strategy can 
be applied to operate anaerobic digesters at high OLRs without the need for chemical 
addition for pH control, and has significant economic and logistical merits for full-scale 
implementation of anaerobic digestion of lignocellulosic biomass.  
 
Figure 4.12 Proposed methane producing pathway under intermittent ORP-based micro-
aerobic condition 
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Chapter 5 
Engineering implications 
An innovative ORP-based micro-aeration process control system to rapidly recover AD 
reactors from the verge of failure and maintain stable performance at high organic 
loading rates was developed and validated in this study. This unique control system 
proved to be effective in reducing VFA concentration, stabilizing pH, and enhancing 
methane production, allowing AD reactors to be continuously operated at OLRs, which 
would normally cause organic overloading disturbance. As a result, feedstocks 
accumulations could be prevented and the continuous process flow could be maintained. 
In addition, adopting this technology could reduce or eliminate the requirement of 
chemical addition for controlling pH in anaerobic digesters. Hence, this process control 
technology offers significant economic and logistical merits for AD plants.      
The simple design and operating principle of this ORP-based micro-aeration system 
makes it easy to implement in existing anaerobic digesters as a “plug-and-play” process 
control technology. The robustness of ORP probe allows long term operation of this 
ORP-based micro-aeration system even in high solid AD processes such as AD of 
lignocellulosic biomass. Since majority of co-digestion or mono-digestion of 
lignocellulosic biomass are CSTRs (Khanal, 2008), the system developed in this study 
could be readily applied in those anaerobic digesters. Only minor modifications are 
required to apply this technology, such as installation of a low flowrate air pump, ORP 
probes and controller (already available in many AD plants), and slightly increase mixing 
speed for better air distribution. Multiple methods of micro-aeration could be 
implemented (e.g. injecting air/oxygen in the bottom of the reactor, feeding line, substrate 
mixing tank, or by adding aerated water), allowing the flexibility of applying this micro-
aeration process control in existing AD plants. The small capital and operational cost 
makes this technology affordable even for small-scaled anaerobic digesters. Figure 5.1 
illustrates an example of the design of this ORP-based micro-aeration process control 
system in an industrial scale anaerobic digester. Anaerobic digesters with capacity of less 
than 1,000 m3 are recommended for the application of this micro-aeration process control 
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technology at this stage. Application of micro-aeration on larger digesters might face 
some challenges from oxygen transfer and homogeneous distribution. To overcome this 
problem, a specific micro-aeration system with air diffusion ring and mixing paddle 
could be installed in new anaerobic digesters (Figure 5.1). Different engineering 
considerations for designing and operating the ORP-based micro-aeration control system 
need to be examined and adjusted accordingly, as discussed in detail in section 2.3.  
With the rapid growing trend of micro-aeration researches and applications in AD 
processes in recent years, such as to remove H2S or enhance hydrolysis and now to 
stabilize the process at high OLR, the widely implementation of micro-aeration system in 
AD plants could be expected in the next 10 years.     
 
Figure 5.1. Example of an industrial scale anaerobic digester with ORP-based micro-
aeration process control 
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Chapter 6 
Conclusions and Recommendations 
6.1 Conclusions 
Controlling VFA accumulation and stable methane production have been major 
challenges for anaerobic digesters operated at high OLRs due to kinetic and 
thermodynamic imbalance between VFA-producing fermenters and VFA-consuming 
syntrophs. This study addressed this problem by developing an intermittent oxidation-
reduction potential (ORP)-controlled micro-aeration system for stabilizing high OLR AD 
of lignocellulosic biomass. The main discovers of this study are:  
• Increasing OLR resulted in proportional increases in total VFA concentration, 
VFA/ALK ratio that caused reduction in pH, which served as early warning 
indicators for AD processes.   
• Rapid accumulation of acetate and reduction of methane yield were indications of 
methanogenesis inhibition and potential reactor failure. 
• Mono-digestion of Napier grass with reactor configuration and operation of this study 
was limited at OLR of 5 g VS/L/day.  
• Intermittent (24 h on - 24 h off) ORP-controlled micro-aeration rapidly reduced VFA 
concentration and recovered reactor performance from the verge of failure within 2 
weeks. 
• Controlling ORP (EAg) at -470 to -475 mV (i.e. +25 mV from anaerobic baseline 
ORP) showed best result in VFA reduction.  
• The ORP-based micro-aeration provided O2 as the limiting electron acceptor for 
facultative heterotrophs allowing partial aerobic oxidation of VFA while conserving 
crucial anaerobic niches for methanogens. 
6.2 Recommendations for future study 
This study, within its scope, proved the concept and opened up a novel operational 
strategy to operate anaerobic digesters at high OLRs that has significant economic and 
logistical merits for full-scale implementation of AD of lignocellulosic biomass. To 
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further develop this micro-aeration process control technology, further studies are 
recommended:  
• Examine metatranscriptomic analyses of transcriptional activities during anaerobic 
and micro-aerobic condition to confirm the proposed pathway in this study. 
• Analyze carbon isotope to identify VFA conversion and methanogenesis pathway 
under micro-aerobic condition. 
• Analyze the effectiveness of this process in different AD reactor configurations and 
substrates.  
• Develop mathematical models to model micro-aerated AD process with micro-
oxygen transfer and utilization rate for scale up purpose.   
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Appendix A 
Oxidation-reduction potential (ORP) process control and factors affecting ORP 
Definition: Oxidation-reduction (or redox) potential of a solution is defined as the 
tendency of the solution to gain or lose electron (Rittmann and McCarty, 2001). A 
solution with positive ORP value indicates an oxidizing environment (higher tendency to 
gain electron, e.g. ½ O2 + 2H+ + 2e- = H2O), whereas a solution with negative ORP value 
is a reducing environment (higher tendency to lose electron, e.g. H2 = 2H+ + 2e-). The 
oxidation and reduction half-reaction always occurs simultaneously to have a sum 
reaction, e.g. ½ O2 + H2 = H2O) 
Measurement: The ORP of a solution was originally measured with standard hydrogen 
electrode (SHE) as reference half-cell and the value is reported as Eh (mV). However, the 
application of ORP electrode with Ag/AgCl reference electrode (EAg) has gained 
popularity due to ease of operation and maintenance. The correlation between these 2 
types of electrode according to the manufacture (Cole Parmer, USA) is: EAg = Eh + 200 
mV.  
Factors affecting ORP: According to Nernst equation, value of ORP measured with 
SHE (Eh) and standard redox potential (Eo) is correlated. Also, the equation also shows 
how increasing temperature and pH resulted in reduction in Eh, which were illustrated by 
results from experiment in Figure A.1 and A.2.  
For reaction: aA + n e-  +h H+= bB 
E" = E$ −	RTnF 	(log B 0A 2 + h	pH) 
Where, Eh is ORP with SHE; Eo is standard redox potential, R is gas constant 8.314 
J/mol.K; T is temperature (K); n is number of electron transferred; F is Faraday constant  
96.485 kJ/mol; h is number of proton transferred.   
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Figure A.1 Effect of temperature on ORP 
Note: Data from of Zobell solution from the manufacturer (Fisher Sci., USA) 
 
 
Figure A.2 Effect of pH on ORP. 
Note: Measured in triplicate using pH and ORP probes on pH buffer solutions of pH 4, 7, 
and 10 at 25oC (Fisher Sci., US).    
ORP (mV) = -1.32 Temperature (oC) + 264
R² = 0.999
0
100
200
300
400
0 10 20 30 40 50 60
OR
P 
(m
V-
EA
g)
Temperature (oC)
ORP (mV) = -57.33 pH + 410
R² = 0.999
-200 
-100 
0
100
200
2 4 6 8 10 12
OR
P 
(m
V-
EA
g)
pH
 
 
101 
 
Figure A.3 Correlation between ORP with dissolved oxygen (DO) (A) and ORP with 
natural logarithm of DO (lnDO) (B) 
Note: Experiment was conducted in triplicate at standard conditions (1 atm, 25oC, pH 
7.0) in effluent of reactor operated at OLR 5.0 g VS/L/day from stable period (day 80 to 
83). The effluent was filtered through GF/C paper to eliminate microbial oxygen 
consumption. The experiment was conducted in 120 mL gas-tight bottle filled with 100 
mL of prepared effluent. The bottle was flushed with N2 gas for 5 min to created 
anaerobic condition (DO reached lower limit of 0.1 mg/L). Air was then slowly injected 
into the bottle using a glass syringe while ORP and DO probes were used to monitor and 
record values every 5 s.  
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Appendix B 
Supporting results 
 
Figure B.1 Biomethane potential (BMP) test of Napier grass as substrate. 
Note: Method followed (Angelidaki et al., 2009) with substrate to inoculum (S/I) ratio of 
1:1 with 5 g VS added. Data shown as mean with error bars represent standard deviation 
from 3 replicates (error bars could be covered by markers at some points). VS removal = 
78.52 ± 1.26 %; total VFA= 441 ± 13 mg/L as HAc; total ALK = 2828 ± 18 mg/L as 
CaCO3; VFA/ALK ratio = 0.16 ± 0.00.    
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Figure B.2 Long-term performance of the first AD reactor at different OLRs. 
Note: Day 77 is equivalent to day 1 in Figure 4.2 
 
Figure B.3 Long-term performance of the second AD reactor at different OLRs. 
Note: Day 137 is equivalent to day 1 in Figure 4.3 
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Figure B.4 Long-term performance of the third AD reactor at different OLRs. 
Note: Day 83 is equivalent to day 1 in Figure 4.4 
 
Table B.1 Taxonomic classification, relative abundance, and potential functions of 
bacterial and archaeal OTUs in reactor under anaerobic and micro-aerobic condition 
  Relative 
abundance (%) 
  
OTUs Genus An-
aerobic 
Micro
-
aerobi
c 
Potential 
functions 
Reference 
Bacteria 
Phylum: Bacteroidetes 
1, 16, 
51 
Proteiniphilum 21.2 44.3 Acidogenesis. 
Facultative. 
Ferment pyruvate, 
high lignin, 
humus and 
protein media 
producing acetate 
and CO2a. Have 
(Chen and 
Dong, 
2005; Z. 
Guo et al., 
2015; 
Hahnke et 
al., 2015) 
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genes for 
cellulases, H2 and 
VFA 
productions.b 
3 Ruminofilibacter 
 
4.0 5.3 Hydrolysis. 
Facultative. Xylan 
degrader 
producing sugars 
and H2.a 
(Kröber et 
al., 2009) 
10 vadinBC27 wastewater 
sludge group 
0.5 2.1 Acidogenesis. 
Anaerobic. 
Glucose 
fermenters 
producing acetate, 
propionate, 
suiccinate, H2, 
and CO2.b 
 
(Ni et al., 
2015; Su et 
al., 2014) 
14, 28 Rikenellaceae RC9 gut 
group 
5.0 5.2 Acidogenesis. 
Anaerobic. 
Glucose 
fermenters 
producing acetate, 
propionate, 
suiccinate, H2, 
and CO2.b 
 
(Ni et al., 
2015; Su et 
al., 2014) 
2 Bacteroides 8.0 1.4 Hydrolysis. 
Facultative. 
Hemicellulose 
degraders grow 
on xylan, xylose, 
sometime 
cellobiose 
producing sugars 
and H2.a 
 
(Centanni 
et al., 2017; 
Loesche, 
1969) 
26 Phocaeicola 0.1 3.5 Hydrolysis. 
Anaerobic.a 
(Al 
Masalma et 
al., 2009) 
Phylum: Proteobacteria 
12 Vibrio 0.7 1.5 Acidogenesis. 
Anaerobic. 
Hydrogen 
(Iannotti et 
al., 1973) 
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utilizing bacteria, 
producing acetate 
and succinate.a 
34 Acinetobacter 1.2 0.2 Acidogenesis. 
Facultative. 
Ferment 
phosphate 
substrate 
producing organic 
acids.a 
(Gulati et 
al., 2010) 
45 Unclassified 
Rhodocyclaceae 
2.0 0.1 Hydrolysis and 
acidogenesis. 
Facultative. 
Methylotrophic 
bacteria using 
ethanol, methanol, 
methylamine, and 
other organic 
acids.b 
 
(Smalley et 
al., 2015) 
48 Vulgatibacter 2.9 0.1 Hydrolysis. 
Aerobic bacteria 
degrade organic 
matter in soil.a 
 
(Yamamot
o et al., 
2014) 
Phylum: Spirochaetae 
63 Brevinema 1.7 0.1 Hydrolysis. 
Facultative. Have 
esterase and 
phosphatases 
enzymes.a 
 
(Bergey, 
2010) 
Phylum: Firmicutes 
4 Mobilitalea 2.1 0.9 Hydrolysis. 
Facultative. 
Cellulose, 
hemicellulose 
degraders 
producing 
ethanol, formate, 
H2, CO2.a 
 
(Podosokor
skaya et al., 
2014) 
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38 Lachnoclostridium 1.9 0.1 Hydrolysis. 
Facultative. 
Cellulose and 
plant cell wall 
polysaccharides 
degrader by 
producing free 
cellulose-
degrading 
enzymes.a 
 
(Ravachol 
et al., 
2015) 
80 Unclassified 
Gracilibacteraceae 
2.6 0.2 Acidogenesis. 
Anaerobic. 
Ferment glucose 
producing acetate, 
lactate, ethanol.a 
(Lee et al., 
2006) 
21 Sedimentibacter 0.5 3.2 Acidogenesis. 
Anaerobic. 
Pyruvate and 
amino acids 
fermenter 
producing acetate 
and butyrate. No 
H2 produced.a 
 
(Breitenstei
n et al., 
2002) 
42 Fonticella 1.6 0.1 Hydrolysis and 
acidogenesis. 
Anaerobic. 
Cellobiose, starch, 
glucose fermenter 
producing 
formate, acetate, 
ethanol, and CO2.a 
 
(Fraj et al., 
2013) 
9, 19 Ruminiclostridium 4.5 1.3 Hydrolysis. 
Anaerobic. 
Cellulose and 
plant cell wall 
polysaccharides 
degrader with 
cellulosome 
enzyme complex.a 
 
(Ravachol 
et al., 
2015) 
44 Unclassified 
Ruminococcaceae 
1.1 0.2 Hydrolysis. 
Anaerobic. 
Cellulose and 
(Ravachol 
et al., 
2015) 
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plant cell wall 
polysaccharides 
degrader with 
cellulosome 
enzyme complex. 
Mammal gut 
bacteria.a 
 
6, 8 Christensenellaceae R-7 
group 
5.1 4.7 Hydrolysis and 
acidogenesis. 
Anaerobic. 
Rumen bacteria 
ferment glucose 
producing acetate, 
butyrate.b 
(Morotomi 
et al., 
2011) 
93 Unclassified 
Acidaminococcaceae 
 
1.4 0.9 Acidogenesis. 
Anaerobic. 
Amino acid 
fermenters 
producing acetate, 
butyrate, 
sometimes 
succinate and 
propionate.b 
 
(Marchandi
n et al., 
2010) 
Syntro
phs* 
 
- 0.43* 0.24 Acetogenesis. 
Anaerobic. 
Decompose a 
variety of organic 
materials (usually 
fatty acids, 
alcohols and 
aromatic 
compounds) to 
produce acetate 
and H2, through 
thermodynamicall
y endergonic 
reactions at 
standard 
conditions. 
(Narihiro et 
al., 2015) 
Archaea 
Phylum: Euryarchaeota 
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2, 5, 
15 
Methanosarcina 73.2 73.7 Mixotrophic 
(aceticlastic, 
hydrogenotrophic, 
methanotrophic) 
methanogenesis.a 
Some strains can 
produce 
antioxidative 
enzymes for 
oxidant tolerance 
capability 
(Demirel 
and 
Scherer, 
2008; 
Horne and 
Lessner, 
2013) 
3, 8 Methanobacterium 14.8 10.1 Hydrogenotrophic 
methanogenesis.a 
Some strains can 
produce 
antioxidative 
enzymes for 
oxidant tolerance 
capability 
(Demirel 
and 
Scherer, 
2008) 
16, 18 Methanospirillum 4.8 10.4 Hydrogenotrophic 
methanogenesis.a 
(Demirel 
and 
Scherer, 
2008) 
Total  92.8 94.2   
Note: OTUs: operational taxonomic units. Only OTUs with a relative abundance >1% at 
the genus level in at least one of the samples are included, except for syntrophs. *Relative 
abundance of sum of all syntrophs. Anaerobic and micro-aerobic biomass samples were 
collected on days 21 and 71, respectively, of reactor 1 at OLR of 5 g VS/L/day (Figure 
4.2). Potential functions of microorganisms were obtained from references at genus (a) or 
family (b) level. NA: not available  
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Appendix C 
Pictures of experimental set up 
 
 
Figure C.1. Feedstock and inoculum preparation. 
Note: Napier grass in plantation field at 5-month old (a); shredded and dried Napier grass 
(b); milled (<2mm size) processed Napier grass as feedstock for bioreactor (c); cow 
manure collection (d); pre-digested cow manure in inoculum reactor (e); cow manure-
derived inoculum to start up bioreactor.   
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Figure C.2. Bioreactor equipped with ORP-based micro-aeration process control system. 
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Appendix D 
List of publications and conferences 
Peer-reviewed publications:  
1. Nguyen, D., Gadhamshetty, V., Nitayavardhana, S., & Khanal, S. K. (2015). 
Automatic process control in anaerobic digestion technology: A critical 
review. Bioresource technology, 193, 513-522. 
2. Sawatdeenarunat, C., Nguyen, D., Surendra, K. C., Shrestha, S., Rajendran, K., 
Oechsner, H., Xie, L., & Khanal, S. K. (2016). Anaerobic biorefinery: current status, 
challenges, and opportunities. Bioresource technology, 215, 304-313. 
3. Nguyen, D., Wu, Z., Shrestha, S., Lee, P.H., Raskin, L., & Khanal, S.K. (2018). 
High organic loading rate anaerobic digestion via bypassing syntrophic acetogenesis 
through intermittent micro-aeration. Environmental Science & Technology (major 
revision).  
4. Nguyen, D. and Khanal, S. K. (2018). A little breath of fresh air into an 
anaerobic system: how microaeration facilitates anaerobic digestion process. 
Biotechnology Advances (submitted).  
 
Conferences  
1. Nguyen, D. and Khanal, S.K. Student Research Symposium (SRS). 2015 (Poster), 
2016 (Poster) and 2018 (Oral, 30th Annual Award Ph.D. Oral Presentation and 3 Minutes 
Elevator Pitch-3MEP People’s Choice Award, 2018).  
2. Nguyen, D., Lee, P.H., Shrestha, S., Raskin, L., and Khanal, S. K. Poster. 
Anaerobic Digestion 2017 Conference, October 17-20, 2017, Beijing, China. 
(Outstanding Poster Award). 
3. Nguyen, D. and Khanal, S.K. Poster. S-1041 Research Meeting. Aug 10-11, 
2015, Wooster, OH. 
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